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ABSTRACT 
Understanding the specific functions played by individual starch synthase isoforms in 
maize and Arabidopsis will provide important evidence for how highly organized starch 
structure is made.  Starch synthases (SS) catalyze the transfer of the glucosyl moiety from 
ADP-Glc to the terminus of a growing α-(1, 4)-linked glucan linear chain.  At least five 
classes of SSs are identified in higher species, referred to as GBSS, SSI, SSII, SSIII, and 
SSIV/V. They have high similarity in the catalytic and starch-binding domains of the C-
termini but differ at their N-termini.  All of these enzymes are highly conserved in plant 
kingdom, which indicates that they might have specific functions during starch biosynthesis.  
To investigate the functions of SSII, changes in starch biosynthesis caused by mutation 
of the sugary 2 (su2) gene in maize, two allelic su2- mutations were characterized. Su2 was 
shown to code for SSIIa, and both mutant alleles cause loss of SSIIa activity.  Starch was 
characterized with respect to structural changes to the amylopectin (Ap) component of starch 
granules, changes of the amylopectin:amylose (Am) compositional  ratio, and pleiotropic 
effects on other starch metabolizing enzymes. Loss of SSII resulted in Ap with more short 
chains of degree of polymerization (DP) 5-11 and fewer intermediate chains of DP12-25.  
Increased Am:Ap ratio was also observed in the mutant starches. The changes in Ap structure 
and Am:Ap ratio are similar to the effects of SSII deficiency in other species.  The results 
demonstrate that some function of SSII is necessary for the normal accumulation of chains of 
DP12-25 in Ap. 
A similar approach was used in Arabidopsis to study the function of both SSII and 
SSIII.  Six SS genes were identified in the Arabidopsis genome. To examine the specific 
functions of different SS isoforms or the functional interactions among them, either single 
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mutations or a combination of double mutations in SS genes were studied.  The SSII 
mutation in Arabidopsis leaves has no discernable effects on starch content, but produces 
similar effects on starch structure, i.e., a significantly modified starch structure with more 
short chains of DP5-10 and fewer intermediate chains of DP12-28, similar to the effects of 
maize SSIIa. The SSIII mutation in Arabidopsis conditions a starch excess phenotype, has 
minor effects on starch structure, and has increased starch phosphate content.    
The double mutant produced by the elimination of both SSII and SSIII in Arabidopsis 
has an unexpected phenotype, which is different from that of either single mutant or their 
additive effects. The Atss2-, Atss3- double mutant has dramatically decreased starch content 
and extremely modified starch structure, i.e., the amylopectin is enriched in short chains and 
has a shortage of longer chains greater than DP12. These results indicate that SSII and SSIII 
have synergistic effects during starch biosynthesis, instead of working independently.  The 
data reveal that SSII and SSIII have partially redundant functions in the production of 
intermediate length chains of degree of polymerization 12-28, and that their roles in starch 
biosynthesis are distinct from that of SSI.   
This work, together with a published description of the effects of SSI mutation, 
provides a comprehensive analysis of SS functions in Arabidopsis leaves. A model for SS 
function is proposed that accounts for the effects of eliminating either SSI, SSII, SSIII, or 
SSII and SSIII in combination. The model proposes that soluble SSs compete with each other 
for binding to a linear chain in a distributive mechanism; each SS has a distinct probability 
(P) of adding one glucose unit to a chain of a given DP.  The normal chain length distribution 
of Ap in wild type is proposed to be determined by the combination of stochastic competition 
of SSs and their different probability of glucose addition to the potential substrate.  
 1 
CHAPTER 1. GENERAL INTRODUCTION 
 
Starch metabolism serves a central role in the life of higher plants, in that it allows 
efficient storage of reduced carbon formed during photosynthesis and its subsequent 
utilization in the darkness.  Starch is generally classified as storage starch or transient starch, 
based on the length of time that it persists prior to degradation.  However, the synthesis of 
transient starch might differ from that of storage starch, in that transient starch and storage 
starch are different in amylopectin structure and Ap:Am ratio (Zeeman et al., 2002). At this 
stage, the exact pathway and the fine control mechanisms for either storage or transitory 
starch biosynthesis are not clear. Nearly thirty enzymes are involved in starch biosynthesis in 
maize, Arabidopsis and other higher plants. These enzymes work together to control starch 
structure and proper starch metabolism, therefore, they need to be highly regulated in regard 
to the appropriate time of their expression and activity.  Understanding the specific 
mechanisms of starch metabolism, especially the mechanisms that determine the starch 
structure, will provide critical information regarding how this system provides function of 
fundamental importance in the evolutionary success of plants. 
The overall goal of this research is to determine the specific functions of different 
starch synthase (SS) isoforms in both transitory and storage starch biosynthesis in maize and 
Arabidopsis.  A broad body of genetic and biochemical evidence suggests that specific SS 
isoforms provide unique functions in starch biosynthesis, which are not completely 
compensated by any other SS.  This review will summarize how the enzymes are involved in 
the starch metabolism in higher plants. Currently available evidence for the specific functions 
of SS will be reviewed and discussed. 
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Classification and Commercial Use of Starch 
Starch is an insoluble polymer of glucose residues produced by the majority of higher 
plant species, and is the major carbohydrate storage product of many of the seeds and storage 
organs in plants.   Most plant cells synthesize and degrade starch at some point in their 
development.  In storage organs, such as tubers, roots and embryos, their major function is to 
synthesize and store starch; in meristem and organ development starch metabolism is a 
transient phase; and leaves metabolize starch on a diurnal basis (Smith et al., 2003).  Starch 
generally is classified as storage starch or transitory starch based on the time that it is stored.  
Leaf transitory starch is formed in leaf chloroplasts during the light phase of the diurnal 
cycle, and is enzymatically broken down to glucose monomers in the subsequent dark period, 
which are then made into sucrose to maintain the supply of carbon to other non-
photosynthetic organs.  Storage starch is accumulated in the seed endosperm, potato tubers, 
and roots as an energy reserve during their formation, and used to provide energy for next 
generation, as in seed germination.  This starch supply serves as the primary dietary 
carbohydrate component for human and livestock populations, and as an important raw 
material for industry.   
Starch and its derivatives are already widely employed in the manufacture of paper, 
textiles and adhesives, and due to their biodegradable and renewable nature, they are being 
considered as an environmentally-friendly alternative to the use of synthetic additives in 
many other products, including plastics, detergents, pharmaceutical tablets, pesticides, 
cosmetics and even oil-drilling fluids (www.andrewgray.com).  Starches for use in industry 
are extracted from raw plant materials; however, many industrial processes and applications 
use the glucan polymers of starch in a derivative form after the granule is completely or 
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partially destroyed, such as by gelatinization (Ellis et al., 1998) or physical modification by 
phosphorylation to prevent recrystallization.   
The functional properties of starch depend greatly upon starch structure and 
composition, although how the molecular structure of starch granules relate to the properties 
of starches during process is not completely understood.  The structure and composition of 
the starch are determined by the activities of the starch biosynthetic enzymes, therefore, the 
generation of starches with specific structure could be potentially achieved by manipulating 
the enzymes involved in starch metabolic pathway.  The progress in understanding starch 
biosynthesis, and the continued research of the genes involved in this process, has enabled 
the genetic modification of crops in a rational manner to produce novel starches with desired 
properties and increased functionality (Jobling, 2004).  
Starch composition and structure 
The native form of starch is water-insoluble semicrytalline granules with different sizes 
and shapes depending on the botanical sources (Gallant et al., 1992).  Starch granules consist 
almost entirely of two glucose homopolymers: amylose and amylopectin.  These two 
molecules are assembled together to form a semi-crystalline starch granule.  The granule also 
contains small amounts of lipid and phosphate (Ellis et al., 1998). The exact proportions of 
these molecules and the size of the granule vary between species and between tissues (Burrell 
et al., 2003), affecting the properties and functions of starches from different crops. 
 
 
 4 
Amylose and amylopectin components of starch 
Amylose is a minor component of starch, which makes up about 20-30% of the starch 
granule in starch storing organs.  The content of amylose in transitory starch is usually lower 
than that of storage starch (Smith, 2001).  Amylose is a mainly linear polymer consisting of 
long chains of α-(1,4) linked glucose units with a degree of polymerization (DP) between 600 
and 6000 glucose units. Amylose from most plant species is essentially unbranched, whereas 
in some species the interconnection between the chains by α-(1,6) glycosidic linkages leads 
to very slightly branched structures (O'Sullivan and Perez, 1999) with a level of branch 
linkages at about 0.2-0.6% (Hizukuri et al., 1989).    
Amylopectin is the major component, which makes up about 70-80% of the starch 
granules. It is a highly branched polymer containing 104-105 glucose monomers, in which 
linear chains of α-(1,4) linked glucoses are joined together by α-(1,6) linkages.  
Approximately 5% of the residues participate in both α-(1,4) and α-(1,6) linkages in 
amylopectin.  Chemically, amylopectin is similar to glycogen in that they both have α-(1,4) 
glycosidic bonds joined together by α-(1,6) branch linkages.  However, as compared to 
glycogen, amylopectin forms starch granules in the cell which enables cells to store larger 
numbers of glucose molecules. A granule has a smaller effect on the internal osmotic 
potential than a non-granular polymer, and appears to be a product refined by evolution so 
that it fits the survival strategy of plants (Nakamura, 2002).  
The structure of amylopectin 
Amylopectin exhibits hierarchical levels of specific architectural structures, which are 
critical for starch function. The generally accepted model for the arrangement of residues in 
amylopectin is the cluster model (Figure 1.1 B), which proposes a non-random distribution  
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Figure 1.1.  Architecture structures of starch granules.  A.  A piece of amylopectin structure 
shows the connection of glucosyl units via α 1,4- and α 1,6- glycosidic linkage.  B.  Cluster 
model of amylopectin structure. The dotted lines indicate the boundaries of the clusters.  C. 
Diagrammatic representation of a blocklet.   D.  The structure of a wheat starch granule after 
a mild treatment of  α-amylase (adapted from Myers et al., 2000 and Ball et al., 2003).  
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of linear chains and the clustered positioning of branch linkages (James et al., 2003). 
According to this model, the first level of structural hierarchy is within individual chains, i.e., 
the 0.1- to 1.0-nm scale. At this level the amylopectin structure is described by branch 
location and chain length (Myers et al., 2000). The chains of amylopectin molecule can be 
divided into A, B, C types of chains according to their length (Fig 1.1A) (Buleon et al., 
1998), and these chains are radially arranged with their non-reducing end pointing toward the 
surface.  “A” chains refer to the shortest chains carrying no other chains and they are linked 
to the other chains by their reducing end glucose units, while B chains carry one or more 
additional chains. B chains are further classified to B1, B2, and B3 chains depending on the 
number of clusters interconnected. B chains that exist within a single cluster are designated 
as B1 chains, the chains span two clusters as B2 chains, span three clusters as B3 chains and so 
on (Hizukuri et al., 1989). C chains refer to the only chain which contains a free reducing end 
in an amylopectin molecule. The lengths of the linear chains are fixed within certain limits, 
and the placement of branch linkages relative to another is not random. Thus, in order to 
understand the mechanism of amylopectin biosynthesis, it is necessary to know what 
determines the specific lengths of A, and B chains,  as well as the arrangement of the non-
random branch locations (Myers et al., 2000). 
At the next level of structural hierarchy, the adjacent chains, primarily the A chains and 
unsubstituted spans of B chains, i.e. B1 chains, form double helices promoted by their parallel 
alignment.  The double helices then become organized in regular arrays to form crystal 
lamellae, which are resistant to acid hydrolysis (Figure 1.1 B).  Within the granule, these 
tightly packed crystalline lamellae alternate with regions susceptible to acid hydrolysis called 
amorphous lamellae, in which the amylopectin branch linkages are contained.  It is believed 
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that the 9- to 10-nm thickness repeating unit of crystalline and amorphous lamellae is 
generally conserved in the plant kingdom (Jenkins et al., 1993).  
Research on starch granules structure based on transmission electron microscopy 
(TEM), scanning electron microscopy (SEM) and enzymatic digestion revealed the next level 
of amylopectin architecture - the blocklets  (Gallant et al., 1997) (Figure 1.1 C).  The 
crystalline and amorphous lamellae of the amylopectin appear to be arranged in these small 
“blocklets” which can be viewed by TEM  (Gallant et al., 1997). The diameters of the 
blocklets vary from 20 to 500 nm in different botanical species and locations in starch 
granules, and they align in various ways, rather than in a common orientation (Gallant et al., 
1997).  
The next structural level within starch granules is termed as growth rings.  Regions of 
alternating crystalline and amorphous lamellae in clusters form concentric zones within the 
starch granules, called semicrystalline zones, alternating with the amorphous zones, in which 
the organization of amylopectin is not understood. Each growth ring contains a 
semicrystalline-amorphous repeat, the thickness ranging from 20 to 500 nm (Figure 1.1 D).   
The nature and size of growth rings display variations in plants growing under different 
conditions (Smith et al., 1997).  For example, the starch granules of wheat had no growth 
rings when the plants grew in a constant light rather than under a day-night regime (Buttrose 
et al, 1962).  However, the formation of growth rings within potato starch were not abolished 
when plants were grown under constant light, and the authors suggested that the formation of 
rings are controlled by physical, as well as biological mechanisms (Pilling and Smith, 2003).  
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Starch synthesis pathway 
Genetic and biochemical analyses revealed that multiple enzymes are involved in the 
starch biosynthesis pathway, including ADP-Glc pyrophosphorylase (AGPase), starch 
synthases (SSs), starch branching enzymes (BEs).  Starch debranching enzymes (DBEs) and 
disproportionating enzyme (D-enzyme) are also considered to have critical roles in forming 
the highly organized starch granules in higher plants  (Martin and Smith, 1995; Myers et al., 
2000; Ball and Morell, 2003; James et al., 2003; Tetlow et al., 2004).   
ADP-Glc pyrophosphorylase (AGPase).  AGPase catalyzes the first step in starch 
synthesis by producing the activated glucosyl donor ADP-glucose from ATP and Glc-1-
phosphate.  This reaction is generally considered to be the committed enzymatic step in 
starch biosynthesis.  In cereal endosperm, about 85-95% of AGPase is known to be located in 
cytoplasm, but in other cereal tissues and in all tissues of non-cereal plants, it is in the plastid 
(James et al., 2003).  This heterotetrameric enzyme is composed of two large and two small 
subunits, each of which is encoded by a distinct gene.  In the Arabidopsis genome, six genes 
encode proteins with homology to AGPase in other species. Two of them code for the small 
subunits, and four of these genes encode for large subunits (Crevillen et al., 2005). One of the 
small subunit polypeptides is the main isoform responsible for AGPase activity in all tissues 
of Arabidopsis  (Crevillen et al., 2005).  Nevertheless, different studies on AGPase from 
maize and potato have suggested that both subunits may have a regulatory role (Cross et al., 
2004; Ballicora et al., 1998).  AGPase enzyme are allosterically regulated by 3-
phosphoglycerate (3-PGA) as an activator and by inorganic phosphate (Pi) as an inhibitor 
(Preiss, 1996),  however, in some plants, the enzyme from developing seeds doesn’t respond 
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to these regulators (Weber et al., 1995; Ballicora et al., 2000).  Besides the allosteric 
regulation of AGPase activity, a post-translational redox mediated control that involves the 
action of thioredoxins has been reported (Fu et al., 1998; Tiessen et al., 2002) and this control 
acts in response to sugars and light (Tiessen et al., 2002; Hendriks et al., 2003).  
Starch synthases (SS).  SSs catalyze the addition of the glucosyl moiety from ADP-
Glc to one end of a preexisting α-1,4 or α-1,6 linked glucan (Figure 1.2).  The pervasive view 
in the published literature in this field is that the glucose residue is added to the non-reducing 
end of a linear chain, as was originally proposed by Leloir in the early 1960’s.  Recently, an 
opposite point of view was proposed, suggesting that starch is synthesized by the reducing 
end addition of glucose to a preexisting polyglucan (Mukerjea and Robyt, 2005a, 2005b). 
However, more definitive evidence is required to directly test either model.  In this study, the 
addition of glucose is assumed to be on the non-reducing end. 
Five distinct classes of starch synthases have been identified in higher plants based on 
their primary sequences; GBSS, SSI, SSII, SSIII, and SSIV/V (Li et al., 2001). These 
isoforms have been highly conserved in the plant kingdom during evolution, which suggests 
that they might each have a specific function that can not be complemented by other isoforms 
regardless the highly similarity in their C-terminal catalytic domains.  Genetic analysis 
showed that at least four of these SS isoforms play a specific function during starch 
synthesis, which will be discussed in detail in the following section.  
Starch branching enzymes (BEs).  BEs catalyze the internal cleavage of a α-(1,4) 
linkages and transfer of the released reducing end to a C-6 hydroxyl group in a linear glucan,  
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Figure 1.2    Diagrammatic representation of the chemical reactions catalyzed by enzymes 
involved in amylopectin biosynthesis: starch synthase (SS), starch branching enzyme (BE), 
debranching enzyme (DBE), and disproportionating enzyme (D-enzyme). Donated glucosyl 
units are shown in red, and asterisks indicate reducing carbons through which these glucans 
are transferred (adapted from Myers et al., 2000). 
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thus creating a new α-(1,6) branch linkage (Figure 1.2). Two branching enzyme isoforms 
exist in a wide range of species based on sequence similarities, known as BEI (also known as  
BE A) and BEII (also known as BE B) (Ball and Morell, 2003).  In monocots, there are two 
closely related but discrete copies of BEII, referred to as BEIIa and BEIIb  (Rahman et al., 
2001).  The BEI and BEII isoforms have distinct chain length preferences for the α-(1,4) 
linear chains that are transferred. In vitro analysis of the chimeric forms of maize BEI and 
BEII indicated that the N- and C-termini of these proteins have important roles in 
determining substrate preference, catalytic capacity, and chain length transfer (Kuriki et al., 
1997). 
In vitro assay of maize BEs showed that BEI preferentially transfers longer chains 
(DP16), and BEII generates shorter chains (DP11-12) (Takeda and Preiss, 1993; Guan and 
Preiss, 1993). Biochemical analyses of maize BEIIb- deficient mutants, i.e., amylose extender 
(ae), revealed that the reduction of BEIIb activity leads to a specific decrease in short chains 
of DP≤13, with the greatest decrease in chains of DP 8-11(Shi et al., 1995; Klucinec et al., 
2002; Yao et al., 2004). This was supported by genetic analysis in rice (Nishi et al., 2001). 
These data indicates that BEIIb has a critical role in the formation of short A chains, and this 
role can’t be complemented by BEIIa and/or BEI (Nakamura, 2002).  Genetic analysis of 
BEI in rice showed that when BEI is lacking, the amylopectin contains fewer intermediate-
size (16≤DP≤23) and long chains, which suggests that BEI has an important role in the 
synthesis of B1 chains and B2-B3 chains (Nakamura, 2002).  However, other studies showed 
that reduction or elimination of BEI activity in both monocots and dicots has minimal effects 
on starch synthesis and composition (Tetlow et al., 2004).  In maize, BEI was shown to have 
an effect on amylopectin structure only in an ae background, which suggests that BEIIb is 
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dominant to BEI in affecting amylopectin structure (Yao et al., 2004).    Recent study of a 
maize BEIIa mutant showed a clear phenotype in the leaf starch, but no apparent effects on 
the storage starch of endosperm tissue (Blauth et al., 2001),  which is consistent with the 
preliminary result in rice with inhibited BEIIa activity (Nakamura, 2002). These results 
suggest a distinct role for BEIIa in the synthesis of amylopectin in transitory starch (Tetlow 
et al., 2004).  
Further information about BE functions was derived from their heterologous expression 
in yeast (Seo et al., 2002).  Expression of three functional maize BE genes in a yeast strain 
lacking the endogenous yeast glucan branching enzyme showed that both BEII isoforms 
could complement the lack of yeast glucan branching enzyme to produce glucans with 
unique chain distributions and branch frequency, however, BEI can’t act in the absence of 
BEIIa or BEIIb (Seo et al., 2002).  These data suggest that BEII isoforms work before BEI 
and produce a better substrate for BEI to work on.  The function of BEI in starch biosynthesis 
pathway is still an open question.  In vitro assay with isolated amyloplasts suggests that the 
activities of BEs might be regulated by protein phosphorylation. Immunoprecipitation 
experiments showed that SBEIIb and starch phosphorylase each coimmunoprecipitated with 
SBEI in a phosphorylation-dependent manner. Conversely, dephosphorylation of 
immunoprecipitated protein complex led to its disassembly, and reduced the activity of 
SBEIIa and SBEIIb in amyloplasts.  This data suggests that these enzymes may form protein 
complexes to function within the amyloplast in vivo (Tetlow et al., 2004). 
Starch debranching enzymes (DBE).   DBEs are divided into two types based on their 
substrate specificities, isoamylase-type α-(1,6) glycohydrolase and pullulanase-type α-(1,6) 
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glycohydrolase, despite the fact that they both can hydrolyze α-(1,6) glycosidic linkages of α-
polyglucans (Figure 1.2).  Isoamylase type DBEs can debranch glycogen, phytoglycogen and 
amylopectin (Manners, 1971), whereas pullulanase type DBEs can attack pullulan and 
amylopectin, but don’t efficiently hydrolyze glycogen and phytoglycogen (Manners et al, 
1970; Manners, 1971).    
Mutation studies showed that these two enzymes are involved in starch biosynthesis as 
opposed to only having a degradative function.  Several recent investigations in maize, rice, 
Arabidopsis, and Chlamydomonas revealed that a lesion in an isoamylase gene caused 
reduced amount of water-insoluble starch granules, and increased accumulation of a water-
soluble, highly-branched polysaccharide, phytoglycogen (James et al., 1995; Mouille et al., 
1996; Nakamura et al., 1996; Zeeman et al., 1998; Wattebled et al., 2003). The most recent 
evidence is from a complementation experiment, in which the wheat isoamylase gene 
expressed in a rice sugary-1 (coding for an isoamylase-type DBE) mutant enabled the 
replacement of phytoglycogen with starch in the endosperm, such that the level of 
replacement depended on the expression level of wheat isoamylase  (Kubo et al., 2005).   
Mutations of zpu1 in maize (coding for a pullulanase-type DBE) also showed a starch 
biosynthesis defect, and it appears to provide a function that overlaps with that of the 
isoamylase-type DBE during biosynthesis (Dinges et al., 2003). The study of Arabidopsis 
pullulanase (Atpu1) showed that this mutation did not lead to a distinct phenotype, however, 
a double mutant line Atisa2/Atpu1  displayed a 92% decrease in starch content. This suggests 
that the function of pullulanase partly overlaps that of isoamylases in Arabidopsis, although 
its function can be negligible when isoamylases are present within the cell (Wattebled et al., 
2005).   In vitro biochemical characterization of maize ZPU1 indicates that it cleaves only 
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short branch chains (Wu et al., 2002), whereas the isoamylase-type DBE (SU1) debranches 
longer length branch chains in glucans (Rahman et al., 1998). 
Several models are used to explain how DBEs are involved in starch synthesis and 
phytoglycogen accumulation in the mutants. The glucan-trimming model suggests that DBEs 
can selectively remove inappropriately positioned branches during amylopectin synthesis, 
thus they have direct functions in amylopectin formation (Myers et al., 2000; Nakamura, 
2002).   This model was supported by the observation of numerous short chains on the 
surface of premature granules, however, this does not provide direct support (Nielsen et al., 
2002). An alternative model is a “water-soluble polysaccharide (WSP) clearing” model 
proposed by Zeeman et al. (1998).   According to this model, DBEs eliminate the soluble 
glucan from the stroma, thus removing the competition for the binding of SSs and BEs in the 
soluble phase.  DBE deficiency would cause the accumulation of WSP in the soluble phase at 
the expense of granular starch (James et al., 2003).  Both of these two models are able to 
explain the accumulation of phytoglycogen observed in DBEs mutants, however, further data 
are needed to test these models. 
Disproportionating enzyme (D-enzyme). D-enzyme is an α-(1,4) glucanotransferase. 
As shown in Figure 1.2, this enzyme catalyzes the transfer of α-(1,4) linked oligosaccharides 
from the end of one linear glucan chain to the end of another. The evidence for D-enzyme 
involvement in starch synthesis are from the study of green alga Chlamydomonas that lacks 
D-enzyme activity (Colleoni et al., 1999; Colleoni et al., 1999; Wattebled et al., 2003).  The 
mutation reduced starch deposition, modified amylopectin structure and granule shape, and 
increased accumulation of malto-oligosaccharides.  However, the study of Arabidopsis D-
enzyme showed that it is only functional in starch degradation (Critchley et al., 2001; Chia et 
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al., 2004). This finding was supported by a study of transgenic potato, in which reduced D-
enzyme activity only led to inhibition of starch degradation and had no effect on starch 
biosynthesis (Lloyd et al., 2004).  Therefore, the function of D-enzyme on starch 
biosynthesis is still controversial, and further study in different species is required to clarify 
its role in starch metabolism.   
Starch synthases 
Starch synthases utilize ADP-Glc to elongate linear chains by the formation of α-(1,4) 
linkages.  Five distinct SSs have been identified in higher plants based on their primary 
protein sequence: granule bound starch synthase (GBSS), SSI, SSII, SSIII, and SSIV/V 
(Figure 1.3). These SSs are further classified into two groups according to their association 
with the starch granules.  GBSS were found to be completely within the starch granule 
matrix. Two closely related GBSS forms, GBSSI and GBSSII, are known in some species.  
Members of the second group are either entirely soluble or present in both the granule and 
soluble phases. This second group includes all the remaining SSs besides GBSS.  For these 
enzymes, the distribution between the granular and stromal fractions varies among species, 
tissues and developmental stages (Smith et al., 1997; Ball and Morell, 2003).  For example, 
in maize, zSSI, zSSIIa, and zSSIIb are present in both the granule and stromal fractions, and 
zSSIII is entirely stromal (Mu-Forster et al., 1996; Gao et al., 1998; Harn et al., 1998). 
Granule bound starch synthase (GBSS) Among all these SSs, GBSS is involved in 
the synthesis of amylose chains as a granule bound protein.  GBSSI, encoded by  
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Figure 1.3. Dendogram of starch synthases in plants and glycogen synthase in Escherichia 
coli. The amino acid sequences used are as follows: wheat GBSSI, wheat SSI, wheat SSIIa, 
wheat SSIII, wheat SSIV, barley GBSSI (X07931), barley SSI (AF234163), barley SSII, rice 
GBSSI (X62134), rice SSI (D16202), rice SSIIa (AF419099), rice SSIIb (AF395537),maize 
GBSSI (M24258), maize SSI (AF036891), maize SSIIa and SSIIb,  maize SSIII, Arabidopsis 
GBSSI (AC006424), Arabidopsis SSI (AF121673), Arabidopsis SSII (AC008261), 
Arabidopsis SSIII (AC007296), Arabidopsis SSV (AL021713), pea GBSSI (X88789), pea 
SSII (X88790), potato GBSSI (X58453), potato SSI (Y10416), potato SSII (X87988), potato 
SSIII (X94400), cowpea SSIII (AJ225088), cowpea SSV (AJ006752) and E. coli glycogen 
synthase (J01616). At* is an abbreviation of Arabidopsis. (Adapted from Li et al., 2001). 
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the waxy (wx) locus in cereals, is highly conserved in all plant species characterized so far.  
wx mutants typically lack amylose, but have the same amount of starch as wild type,  and the 
starch granules are nearly normal although comprised solely of amylopectin (Nelson and 
Rines, 1962; Shure et al., 1983). This chemotype was observed in maize, rice, barley, wheat, 
pea, potato, and Chlamydomonus GBSSI mutants (Ball and Morell, 2003).  GBSSI was also 
found to contribute to the extension of the long glucan chains in amylopectin by both in vivo 
and in vitro experiments (Delrue et al., 1992; Maddelein et al., 1994; van de Wal et al., 
1998).   In waxy mutants of cereals, the amylopectin lacks a fraction of very long chains that 
is present in that of wild type (Yeh, 1981; Hizukuri, 1989).  Expression of GBSSI appears to 
be mostly confined to storage organs, such as cereal endosperms, whereas GBSSII, coded for 
by a separate gene, is thought to be responsible for amylose synthesis in leaves and other 
non-storage tissues that accumulate transient starch, such as in pericarp of rice, (Fujita and 
Taira, 1998; Nakamura et al., 1998; Vrinten and Nakamura, 2000).  The expression of 
GBSSI in leaves from Snapdragon was shown to be regulated by an endogenous circadian 
clock, but this doesn’t happen in sink tissues such as in roots (Merida et al., 1999).
Starch synthase I (SSI) Multiple isoforms of soluble starch synthases have been 
identified at both protein and molecular level. These SSs (SSI, SSII, SSIII, SSIV/V) are 
exclusively involved in amylopectin synthesis.  Compared with other SSs, high activity of 
SSI is expressed in the developing cereal endosperm (Cao et al., 1999; Ball and Morell, 
2003).  The role of SSI gene has not been characterized until recently due to lack of mutants.  
The first member of the SSI class was identified in rice (Baba et al., 1993). Biochemical 
evidence with maize SSI (Commuri and Keeling, 2001) suggests that SSI is primarily 
responsible for the synthesis of shortest glucan chains in amylopectin molecule, i.e., those 
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with DP 5-10;  SSI affinity for glucan polymers  increases with the increasing of glucan 
chain length, conversely, the enzyme activity decreases with the increasing of the binding 
affinity.  The authors suggested that SSI is responsible for elongation of short A-type and B1 
chains to certain length, after that catalysis is no longer suitable. This suggests SSI plays a 
critical role in organizing each cluster.  
Kossman et al (1999) described an anti-sense potato with inhibition of SSI, however, 
the repressed SSI activity in potato tuber of the transgenic line had no effects on either 
amylopectin synthesis or its structure.  Analysis of starch from a rice mutant of SSI indicated 
that the mutant amylopectin is depleted in chains of DP8-12 and enriched in chains of DP6 
and 7 (Nakamura, 2002, unpublished data).  Characterization of SSI mutant in Arabidopsis 
showed that SSI elimination leads to the synthesis of a novel type of amylopectin structure 
with decreased short chains of DP 5-12, and enriched intermediate chains with DP 13-22 
(Delvalle et al., 2005). The kinetic parameters of E.coli expressed Arabidopsis SSI is 
biochemically related to that of maize SSI (Commuri and Keeling, 2001; Delvalle et al., 
2005);.  Therefore, both biochemical and genetic analysis suggest that SSI is involved in the 
synthesis of short chains around DP5-10 within amylopectin, however, its activity varies 
among different species.  
Starch synthase II (SSII) Two isoforms of SSII are found in monocots, referred to as 
SSIIa and SSIIb, which is possibly due to a gene duplication event.  The gene structure and 
primary sequences of SSII are highly conserved in both monocots and dicots,   which 
suggests that the genes had evolved before the separation of monocots and dicots (Li et al., 
2003).   In vitro studies of the two SSII forms from maize reveal different substrate 
specificities and kinetic properties (Imparl-Radosevich et al., 1999).  The role of SSIIb in 
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endosperm starch biosynthesis has not been characterized yet as no mutant is available, and 
the enzyme has not been described from the cereal endosperm.  In maize, the transcripts of 
SSIIb were mainly detected in leaf (Harn et al., 1998).  Compared to SSIIb, SSIIa activity has 
been defined in multiple species, including wheat (Yamamori et al., 2000), rice (Umemoto et 
al., 2002), barley (Morell et al., 2003), potato (Edwards et al., 1999), and pea (Craig et al., 
1998).  Common characteristics of starch produced in the absence of SSII (dicots) or SSIIa 
(monocots) activity across all these mutant species, include higher content of amylose, 
reduced total starch content,  modified amylopectin chain length distribution, altered starch 
granule morphology, and reduced crystallinity (Ball and Morell, 2003).  As to amylopectin 
structure, the deficiency of SSII causes an increase in the abundance of short linear chains in 
the range of DP6-12, and a corresponding decrease in the frequency of longer chains between 
approximately DP12-25.  It was suggested that SSII is required for production of chains in 
the range of DP12 to DP25 (Umemoto et al., 2002), and this function appears to be an 
evolutionally conserved role of this isoform.   Although SSIIa is a minor contributor to total 
SS activities in cereal endosperms, the loss/down-regulation of its activity has a dramatic 
impact on both the amount and composition of starch.  
Starch synthase (SSIII)  The SSIII isoform has been identified in potato, maize, and 
wheat (Abel et al., 1996; Gao et al., 1998; Li et al., 2000).  Only one copy was identified in 
dicots, such as in Arabidopsis. Two copies of SSIII were identified in some monocots, such 
as in rice. Two members of SSIII were cloned in rice,  designated OsSSIII-1/-2 (Dian et al.,  
2005).  Expression profile analysis indicates that OsSSIII-1 is mainly expressed in the leaves, 
whereas OsSSIII-2 is mainly expressed in endosperm.  Studies with plants lacking SSIII 
suggest that the primary role of this enzyme is amylopectin synthesis, although the impact of 
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loss of SSIII appears to differ with the genetic background.  Mutations with the elimination 
of SSIII activity have been investigated in maize, known as du1 (Gao et al., 1998), 
Chlamydomonus, known as sta3 (Fontaine et al., 1993), and an antisense suppression of 
SSIII in potato (Abel et al., 1996; Marshall, 1996).  In maize, mutations eliminating SSIII 
lead to slight but reproducible changes in kernel appearance (Gao et al., 1998), and the starch 
granules are enriched in intermediate-size highly branched polyglucans (Inouchi et al., 1984; 
Wang et al., 1993)  The reduction of SSIII activity in both potato and Chlamydomonus 
resulted in a major impact on the amylopectin with modified chain length distribution.  
Antisense suppression of SSIII in potato leads to the reduced synthesis of amylopectin with a 
modified chain length distribution,  and to starch granules with severely distorted 
morphology (Abel et al., 1996; Marshall, 1996).  The reduced SSIII activity in antisense 
potato also resulted in an increased level of covalently linked phosphate content (about 70% 
increase) (Abel et al., 1996). These findings showed that the effects of SSIII mutation vary in 
different species in terms of starch structure and starch chemotype, in contrast to the 
conserved effects caused by SSII mutations studied so far. 
For the group of SSIV/V, no mutant plant was reported from any of plant species. 
Biochemical analysis Biochemical analysis of the individual SS isoforms in different 
plant species has begun to establish their relative activities in particular plant species.  The 
contribution of each starch synthase isoform to the total SS activity is different between 
species and also between different organs within a species. For example, in potato tuber, SSII 
and SSIII are the primary enzymes involved in the synthesis of tuber starch (Edwards et al., 
1995), with SSII accounting for only about 15% of the total activity (Edwards et al., 1995), 
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while SSIII contributes approximately 80% of the activity in the soluble fraction (Marshall et 
al., 1996). Compared to the contribution of SSII activity in potato, this isoform accounts for 
60-70% of the soluble SS activity in pea embryo (Denyer et al., 1993).  In maize, 
biochemical fractionation of SS activities revealed that SSI is the major soluble activity (70-
80%), and SSIII provides approximately 20-30% of the total soluble activity in endosperm 
(Cao et al., 1999), although SSIIa is also present in the endosperm.    
All of the SSs are highly conserved in their C-termini that contain both a glucan-
binding domain and the catalytic domain.  Genetic analysis with the elimination of certain SS 
has shown that at least SSI, SSII, and SSIII have specific functions in determining 
amylopectin structure.  In pea, potato, maize, barley, rice, and Arabidopsis, alterations in SSI, 
SSII, or SSIII activity are shown to result in abnormal amylopectin structure that can not be 
compensated by other isoforms, clearly demonstrating non-overlapping functions (Marshall, 
1996; Craig et al., 1998; Edwards et al., 1999; Umemoto et al., 2002; Morell et al., 2003; 
Delvalle et al., 2005). However, the particular functions of each SS isoform in amylopectin 
biosynthesis are not clear yet, although specificity is likely considering that the SSI, SSII, 
and SSIII isoforms are all conserved in the plant kingdom, and the two SSII isoforms are 
conserved in all cereal species (Umemoto et al., 2002; Ball and Morell, 2003; James et al., 
2003).  Based on biochemical and genetic analysis, a model suggests that SSI is primary 
responsible for the synthesis of the shortest chains, those with DP of 10 glucosyl units or less. 
SSIIa (monocots) or SSII (dicots) contributes to the synthesis of medium chains, and SSIII 
will extend further to produce longer chains extending between clusters, and the introduction 
of branches before extension of each enzyme may be involved (Nakamura, 2002; Commuri 
and Keeling, 2001).   This model seems to be oversimplified by assigning the synthesis of a 
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particular chain length to a specific SS isoform.  Antisense potato lines with reduced activity 
of both SSII and SSIII, or reduced activity of both GBSS and SSIII, showed that theses 
enzymes have synergistic effects on starch biosynthesis, instead of working independently 
(Edwards et al., 1999; Lloyd et al., 1999; Fulton et al., 2002).   This synergy is most likely to 
arise because the product of one isoform provides a substrate for the other isoforms.  The 
changes in the relative activities of one or more isoforms in the transgenic tubers cause 
changes in the substrate and therefore the product of the other isoforms (Edwards et al., 
1999; Smith, 2001). 
Experimental Approach 
In order to understand the specific functions played by individual SS isoforms during 
starch biosynthesis, a molecular genetic approach was taken to investigate the functions of 
SS genes during storage starch synthesis in maize and transitory starch synthesis in 
Arabidopsis.  In a broad sense, both forward and reverse genetic studies sought to identify 
plants with certain mutations in one or two specific SS genes, and then the molecular and /or 
biochemical defect was described in the mutant lines compared to wild type.  The intent of 
this study was to characterize the specific functions of these enzymes by identifying 
particular aspects of plant physiology or development that resulted from a molecular and/or 
biochemical defect in a known SS or combination of SSs. 
In maize, mutations of Sugary 2 (su2) cause changed physiochemical properties of the 
starch granules, and the phenotype is very similar to the effects caused by SSIIa (SSII) 
elimination in other species.  The first objective of this study was to study the structure of the 
gene that codes for SSIIa, and characterize independent su2 mutants to examine SSIIa protein 
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levels and its enzymatic activity. After proving that Su2 did in fact code for SSIIa, the next 
objective was to characterize the function of SSIIa during maize endosperm starch synthesis 
by studying the molecular and/ or biochemical defect caused by the mutation of SSIIa. 
With the completion of Arabidopsis genome sequence, it allows us to make great 
progress to assign functions to individual genes. The second objective was to evaluate the 
specific functions of each SS isoform during transient starch synthesis in Arabidopsis leaves 
through characterization of mutant plants lacking one specific SS. First, null mutant alleles 
bearing T-DNA insertions were identified based on gene expression and enzyme activity. 
Next, the specific function of the knocked-out isoform was characterized similar to the study 
of that described for maize SSIIa.   
The third objective was to study the functional relationship between different SSs in 
Arabidopsis. To achieve this objective, a double mutant line with the elimination of SSII and 
SSIII isoforms was generated and characterized at the molecular and biochemical level. The 
effects of the mutation on amylopectin structure were characterized in detail in each case, to 
establish the specific functions played by individual SS during starch synthesis.  
Dissertation Organization 
This dissertation consists of five chapters and one appendix. Chapter 1 includes an 
introductory review about the importance of starch, and the known mechanism of starch 
biosynthesis.  The experimental design of this dissertation is also included in chapter 1.  
Chapter 2 is a paper that was published in the journal Plant Molecular Biology.  Chapter 3 is 
a paper that was published in the journal Plant Physiology.  Chapter 4 is a paper to be 
submitted to the journal The Plant Cell.  Chapter 5 is a general concluding chapter, where the 
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findings of the three papers are summarized.  The appendix is the description of the 
characterization of maize du1 genomic locus and six du1Mu element insertion mutants.  
All of the papers were written by me with the editorial guidance and assistance from 
my co-major professors, Drs. Alan Myers and Martha James.  The first paper (Chapter 2) is a 
multiple author paper.  Part of the SSIIa gene (Chapter 2) was amplified by Ms. Vlada 
Ratushna, the analysis of carbohydrate composition and amylopectin chain length 
distribution (Chapter 2) was done by Dr. Christophe Colleoni, and the analysis of starch 
functional properties was done by Dr. Mirella Sirghie-Colleoni. All other results described in 
this dissertation were obtained by my own efforts. 
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CHAPTER 2. MOLECULAR CHARACTERIZATION DEMONSTRATES THAT 
THE Zea mays  GENE sugary 2 CODES FOR STARCH SYNTHASE ISOFORM SSIIa 
A paper published in the journal Plant Molecular Biology1 
Xiaoli Zhang, Christophe Colleoni, Vlada Ratushna, Mirela Colleoni-Sirghie, Martha 
G. James, and Alan M. Myers2
 
Abstract 
Mutations in the maize gene sugary2 (su2) affect starch structure and its resultant 
physiochemical properties in useful ways, although the gene has not been characterized 
previously at the molecular level.  This study tested the hypothesis that su2 codes for starch 
synthase IIa (SSIIa).  Two independent mutations of the su2 locus, su2-2279 and su2-5178, 
were identified in a Mutator-active maize population.  The nucleotide sequence of the 
genomic locus that codes for SSIIa was compared between wild type plants and those 
homozygous for either novel mutation.  Plants bearing su2-2279 invariably contained a 
Mutator transposon in exon 3 of the SSIIa gene, and su2-5178 mutants always contained a 
small retrotransposon-like insertion in exon 10.  Six allelic su2- mutations conditioned loss or 
reduction in abundance of the SSIIa protein detected by immunoblot.  These data indicate 
that su2 codes for SSIIa and that deficiency in this isoform is ultimately responsible for the 
altered physiochemical properties of su2- mutant starches.  A specific starch synthase isoform 
 
1Reprinted with the permission from Plant Molecular Biology 54: 865-879. 
2Author for correspondence. 
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among several identified in soluble endosperm extracts was absent in su2-2279 or su2-5178 
mutants, indicating that SSIIa is active in the soluble phase during kernel development.  The 
immediate structural effect of the su2- mutations was shown to be increased abundance of 
short glucan chains in amylopectin and a proportional decrease in intermediate length chains, 
similar to the effects of SSII deficiency in other species. 
Introduction 
Starch granules are a central feature of plant metabolism, allowing storage of large 
quantities of reduced carbon formed in photosynthesis and subsequent supply of chemical 
energy and metabolic precursor compounds.  In addition to this fundamental biological 
function, the mechanisms of starch assembly and disassembly in plants are of considerable 
interest owing to the importance of starch granules in animal diets and as a renewable source 
of energy and industrial raw materials.  Classical genetics has long contributed to the study of 
starch metabolism as a means of identifying specific molecules involved in the process and 
also for identifying alterations in starch properties that affect nutritional quality and industrial 
applications.  Examples of Zea mays genes that function in starch biosynthesis are waxy (wx), 
which codes for granule bound starch synthase I (GBSSI) (Shure et al., 1983; Klösgen et al., 
1986), dull1 (du1), which codes for starch synthase III (SSIII) (Gao et al., 1998), sugary1 
(su1), which codes for an isoamylase-type starch debranching enzyme(James et al., 1995), 
and amylose extender (ae), which codes for branching enzyme IIb (BEIIb) (Fisher et al., 
1993; Stinard et al., 1993).  The sugary2 gene (su2), first identifed in 1934(Eryster, 1934), is 
another locus that controls the structure and properties of starch.  In this instance, however, 
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the gene has not yet been characterized at the molecular level and thus the function of its 
product is unknown. 
Mutations of the maize su2 locus are of use in both food and non-food industries owing 
to the physiochemical properties of the starch granules that result, such as freeze-thaw 
stability (Campbell et al., 1994; Li and Corke, 1999).  The mutations do not interfere with 
agronomic utility because, like ae-, du1-, and wx-, su2- mutations do not drastically affect the 
quantity of starch produced in seeds or cause significant change in granule size (Shannon and 
Garwood, 1984).  The su2- mutations, however, do condition changes in the glucose 
homopolymers that make up starch granules, i.e., the relatively highly branched molecule 
amylopectin and the lightly branched molecule amylose.  Apparent amylose content 
increases to approximately 40% in su2- mutant granules from the wild type value of 
approximately 26% (Kramer et al., 1958; Takeda and Preiss, 1993).  The crystallinity of su2- 
mutant granules is decreased compared to wild type, as indicated by a reduced birefringence 
endpoint temperature, lower gelatinization temperatures, broader and weaker A-type peaks in 
X-ray diffraction patterns, and increased susceptibility to digestion with α-amylase (Pfahler 
et al., 1957; Kramer et al., 1958; Sandstedt et al., 1962; Inouchi et al., 1984, 1991; Li and 
Glover, 1997).  The viscosity of pastes formed by heating aqueous suspensions of su2- 
granules is much reduced compared to wild type, and the amount of recrystallization upon 
cooling also is significantly lower (Campbell et al., 1994; Li and Corke, 1999).  Crystallinity 
of starch is provided by amylopectin, so it can be presumed that su2- mutations condition 
alterations in this component of the granules.  Changes in the relative abundance in 
amylopectin from su2- granules of long glucan chains with a degree of polymerization (DP) 
greater than 50 have been observed (Takeda and Preiss, 1993), although the frequency 
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distribution has not been reported as measured by recent methods that resolve chains varying 
in length by single glucose units. 
Changes in amylopectin structure in su2- mutants could result from an alteration in α-
(1→4) glucanotransferase (SS) activity.  The sequences of six genes or cDNAs coding for 
SSs have been determined in maize, and these code for enzymes referred to as GBSSI, 
GBSSII, SSIII, SSI, SSIIa, and SSIIb (Klösgen et al., 1986; Guan and Preiss, 1993; Gao et 
al., 1998; Knight et al., 1998).  GBSSI is nearly-entirely granule-bound and is required for 
synthesis of the amylose component of endosperm starch.  SSI, SSIIa, and SSIIb are present 
in both the granule and stromal fractions of endosperm plastids, whereas SSIII is entirely 
stromal (Klösgen et al., 1986; Mu-Forster et al., 1996; Knight et al., 1998).  The great 
majority of soluble SS activity in maize endosperm cell extracts is provided by SSI and 
SSIII, although SSIIa is also expressed in this tissue (Cao et al., 1999; Cao et al., 2000).  The 
particular functions of these multiple SS isoforms in amylopectin biosynthesis are not 
known, although specificity is likely considering that the SSI, SSII, and SSIII isoforms are all 
conserved in the plant kingdom, and the two SSII isoforms are conserved in all cereal species 
(reviewed in Ball and Morell, 2003; James et al., 2003).  Furthermore, in pea, potato, and 
maize alterations in SSII or SSIII activity are known to result in abnormal amylopectin 
structure, clearly demonstrating non-overlapping functions (Craig et al., 1998; Gao et al., 
1998; Edwards et al., 1999; Lloyd et al., 1999). 
SSIIa is of particular interest with relation to the identity of su2.  This isoform was 
originally discerned through a cDNA clone isolated by hybridization to a degenerate 
oligonucleotide from a conserved region of several known SS genes (Harn et al., 1998).  
RNA gel blot analysis demonstrated accumulation of the SSIIa mRNA in developing maize 
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endosperm cells during the period of starch accumulation (Harn et al., 1998).  The gene that 
codes for SSIIa was mapped through linkage to RFLP markers to chromosome 6, near the 
position of the su2 locus.  A possible explanation, therefore, of the effects of su2- mutations 
on endosperm starch is that a deficiency in SSIIa causes altered amylopectin structure, and 
this in turn causes altered physiochemical properties compared to wild type. 
In this study the structure of the gene that codes for SSIIa was determined in a wild type 
line and two independent su2- mutants.  In addition, SSIIa protein levels and enzymatic 
activity were determined in lines containing various allelic su2- mutations.  Strong 
correlations were observed between the presence of a su2- mutation and alterations in SSIIa 
gene structure and function.  The effects of SSIIa deficiency on the fine structure of 
amylopectin were also determined, revealing a structural basis for the known physiochemical 
properties of su2- mutant starches. 
Materials and Methods 
Plant material and genetic methods 
The nomenclature follows the standard maize genetics format (Beavis et al., 1995).  Plants 
were field-grown in the summer at Iowa State University, or were grown in the greenhouse 
under standard conditions with supplemental lighting on a 14/10-hour day/night cycle. 
The crossing scheme used to generate plant materials is summarized in Figure 2.1.  F1 
plants obtained by crossing a standard line to one known to contain an active Mutator 
transposon system (Scanlon et al., 1994) were self-pollinated, and rare instances were noted 
in which approximately one-fourth of the kernels on the ear exhibited the slightly tarnished  
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Figure 2.1.  Genetic derivation of su2- segregating populations.  A. Segregation of su2-2279.  
Plants from maize populations containing active Mutator transposons were self-pollinated 
and ears were identified on which kernels with the slightly tarnished appearance typical of 
su2-Ref mutants occur at an approximate frequency of 25%.  Mutant kernels were used to 
generate two successive outcrosses to standard, producing a 1:1 segregation of su2-2279/+ 
and +/+ kernels.  Plants grown from those kernels were self-pollinated in order to determine 
which of the two genotypes was present, and those same plants supplied genomic DNA 
samples for analysis of gene structure.  B. Segregation of su2-5178.  The scheme shown in 
panel A was used to the point of identifying su2-5178/+ heterozygotes.  Those plants were 
self-pollinated, generating a 1:2:1 Mendelian segregation.  Plants grown from mutant kernels 
of the genotype su2-5178/su2-5178 or normal kernels of the genotype su2-5178/+ or +/+ 
provided genomic DNA samples for analysis of gene structure. 
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appearance typical of su2- homozygotes.  Plants grown from these mutant kernels were 
outcrossed to a standard wild type and also crossed to a homozygous su2-Ref tester line.  The 
su2-5178 and su2-2279 alleles were each identified by observation of 100% mutant kernels 
on the test cross ears, as described previously (Scanlon et al., 1994).  The outcross progeny 
were again crossed to wild type, generating the populations of 50% Su2/su2-: 50% Su2/Su2 
plants that were used for co-segregation analysis.  Self-pollination of plants in this population 
enabled identification of the Su2/su2-2279 genotype based on the presence of approximately 
one-quarter mutant kernels on the resultant ear (Fig. 2.1B).  These two novel su2- mutant 
alleles were introgressed into the W64A inbred background by at least five generations of 
back crossing. 
An additional cross was used to assist the phenotypic identification of su2-5178, based 
on the fortuitous observation that a mutation of the opaque5 (o5) locus functions as a 
modifier of the su2- mutant phenotype.  Following the five cycles of introgression into 
W64A, a presumed su2-5178/Su2 heterozygote was crossed to a line homozygous for 
o5-Ref(Robertson, 1967).  Compound heterozygotes (su2-5178/Su2 o5-Ref/O5) were 
recognizable by the presence on self-pollinated ears of an extremely glassy and slightly 
shrunken kernel at the frequency of approximately 1/16th.  The expected Mendelian ratio was 
obtained, and so the double mutant phenotype was presumed to demonstrate presence of the 
mutant su2- allele.  The alleles su2-5178 and su2-2279 also can be characterized physically 
by PCR amplification (described in a following section), and these data confirmed the 
genotype assignments based on the visual phenotype. 
Four additional novel su2- alleles also were used in the study, which were obtained from 
the Maize Genetic Stock Center (Urbana, IL).  The mutations, designated su2-1981, 
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su2-19795, su2-19791, and su2-0203, were reported by the stock center to have arisen 
spontaneously, and the precise molecular basis for each is unknown.  Each mutation was 
identified as a recessive allele of Su2 by similarities between the mutant kernel phenotype 
and that of su2-Ref, and also by failure of the novel mutations to complement su2-Ref (data 
not shown).  The stock center alleles have not yet been back crossed into a standard 
background, thus for these particular alleles the genetic backgrounds of the mutant lines used 
are not defined. 
Immunoblot analysis 
Immunoblot analyses were performed under native and denaturing conditions according to 
standard procedures(Sambrook et al., 1989).  Protein concentrations were estimated using an 
assay kit (BioRad; catalog. no. 500-002) that empolyed the Bradford method (Bradford, 
1976).  Granule-associated proteins were extracted by boiling 3 mg starch granules in SDS-
PAGE sample buffer according to Mu-Forster et al. (1996).  The primary antiserum anti-
SSIIa (provided by ExSeed Genetics) was diluted 1:1000.  The secondary antibody, donkey 
anti-rabbit IgG-HRP conjugate, was diluted 1:3,000 and detected with the ECL-plus reagent 
system (Amersham-Biosciences, catalog No. RPN 2132). 
SS activity gel analysis 
Kernels (15 g) harvested 20 days after pollination (DAP) were ground to a fine powder in 
liquid nitrogen with a mortar and pestle.  The powdered tissue was suspended in 15 ml 
extraction buffer (50 mM Tris acetate, pH 7.5, 10 mM DTT, supplemented with 1 mM PMSF 
and protease inhibitor cocktails at 1X concentration {Sigma, catalog Nos. P-2714 and P-
8465}), then centrifuged at 50,000g for 1 h at 4°C.  The supernatant was passed through a 
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0.22 μm filter and proteins were separated by anion exchange chromatography on a MonoQ 
HR 5/5 column (Amersham-Biosciences catalog No. 17-0546-01) using AKTA FPLC 
instrumentation (Amersham-Pharmacia).  Bound proteins were eluted with a linear NaCl 
gradient (0-50%), as described previously (Colleoni et al., 2003).  Proteins in each fraction 
were separated by non-denaturating PAGE (6% polyacrylamide slabs, 375 mM Tris-HCl, 
pH 8.8) in gels impregnated with 0.3% (w/v) rabbit glycogen (Sigma catalog no. G-8876).  
Following electrophoresis gels were incubated overnight at 30°C in incubation buffer (0.1 M 
Bicine, pH 8.5; 5 mM ADP-glucose; 0.5 M sodium citrate; 0.5 mg/mL BSA; 25 mM 
potassium acetate; 133 mM (NH4)2SO4 ; 7 mM MgCl2; 10 mg/ml rabbit liver glycogen; 
25 mM β-mercaptoethanol). After incubation, starch synthase activities were observed by 
staining the gel with fresh I2/KI solution (5 g KI, 0.5 g I2 in 500 mL H2O).  Starch modifying 
activities, i.e., BEs, DBEs, and amylases, in the same ion exchange fractions were detected in 
starch-containing zymograms as described previously  (Colleoni et al., 2003). 
Chemical and physical characterization of starch structure and properties 
Starch thermal properties were determined by differential scanning calorimetry (DSC) using 
a Perkin-Elmer DSC-7 analyzer equipped with thermal analysis software (White et al., 1990).  
Starch granules from five kernels harvested 20 DAP were prepared as described previously 
(Dinges et al., 2001).  Experiments were conducted in duplicate using a range of 3.48 mg to 
3.56 mg dry weight of starch. 
Amylose content was determined as follows.  Solubilized starches from su2- mutant and 
wild-type kernels were size-fractionated on a Sepharose CL-2B column (Amersham-
Biosciences) as previously described (Dinges et al., 2001).  The amylose percentage is 
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defined as (glucose equivalents in amylose-containing fractions/total glucose equivalents) x 
100.  The glucose equivalents in each fraction were measured following complete hydrolysis 
of the sample with amyloglucosidase (Megazyme. catalog No. 80610), using a colorimetric 
glucose oxidase/peroxidase method (Sigma Diagnostics, catalog. no. 510-A).  Glucan chain 
length distributions of amylopectin were determined by fluorophore-assisted capillary 
electrophoresis (FACE) using methods previously described (O'Shea et al., 1998; Dinges et 
al., 2001). 
Molecular characterization of gene structure 
Genomic DNA was extracted from wild type leaves harvested 10 days after emergence 
according to the procedure of Dellaporta et al. (Dellaporta, 1994).  PCR amplification of the 
DNA was carried out in a 50 μL reaction volume containing 5 U “Ex Taq” DNA polymerase 
(Takara Shuzo Co., Shigo, Japan), 1X in the supplied reaction buffer, containing 10.5 nM of 
each dNTP, ~100 ng template DNA, and 50 pmol each of two oligonucleotide primers.  
Overlapping segments of DNA from the Su2 genomic locus were amplified using the 
following primer pairs: U1n (5’-TGT GGA GAA GGC TTT ATT ATT AGC) and su2-ZL1 
(5’-AAC TAG TAA ACA TGG CAA AAC TG); ZU1 (5’- CAC AGT CTC CAT CAG CAT 
GAG) and L (5’- CCA ATG CGG CGT TCT GGC AGG); U22 (5’- CGG TCT CCA AAC 
GGA GGG AT) and L3n (5’-ATG GTC TCT GTA ATA TGC CTT CAG); U4 (5’- AAT 
GAT TGG CAC ACT GC) and L4 (5’- GCA CCT TGT TGG GAT GC); and U5 (5’- TGG 
ACA TCA TCG GGG AC) and L5 (5’- GGA GAC TCT TCC AGC TC).  
To detect su2-2279, an oligonucleotide primer designed to amplify a Mu transposon 
terminal inverted repeat sequence, termed Mu-9242 (5’-AGA GAA GCC AAC GCC 
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A[AT]C GCC TC[CT] ATT TCG TC-3’), was used in combination with each of two 
Su2-specific primers, U2n (5’- CTT CCG CCC CGC CCC GAT C) and L2B (5'- GCC GTG 
TTT CCC GTC GC).  For detection of the retrotransposon-like insertion in su2-5178, 
sequences were amplified using the U5/L5 primer pair specified in the preceeding paragraph.  
Nucleotide sequences were determined directly from PCR amplification products in the 
Nucleic Acids Facility of Iowa State University.  Computational analyses were performed 
using the Autoassembler software package from Applied Biosystems. 
Results 
Nucleotide sequence of the gene that codes for SSIIa 
Oligonucleotide sequences interspersed throughout the SSIIa cDNA (Harn et al., 1998) 
(Genbank accession no. AF019296) were used as primers for PCR amplification of genomic 
DNA from wild type W64A maize plants, and the nucleotide sequences of overlapping 
fragments were determined.  Assembly of the fragments provided a contiguous genomic 
sequence of 4,578 bp (Genbank accession no. AY499410).  Comparison of the genomic and 
cDNA sequences revealed that the SSIIa gene comprises 10 exons and 9 introns (Figure 2.2).  
The SSII genes of the wheat D genome and Arabidopsis each contain seven introns located in 
conserved positions within the coding region (Li et al., 2003).  Seven of the nine introns in 
the maize SSIIa gene are also located in these same conserved positions, further supporting 
the conclusion that the SSII locus was established prior to the evolutionary separation of 
monocots and dicots (Li et al., 2003).  Two additional introns in the maize SSIIa gene are not 
present in the wheat or Arabidopsis orthologs.  These are intron 1, located within the 669 bp 
genomic region comprising the 5’ UTR of the transcript, and intron 3, which interrupts the 
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Figure 2.2.  Structure of the su2 genomic locus.  The scaled linear map depicts the ten exons 
as boxes and the nine introns as lines in between.  The positions of the translational start and 
stop codons in exons 2 and 10, respectively, are noted.  The locations of specific PCR primer 
sequences are noted.  Asterisks indicate the two introns that are not conserved in the known 
wheat and Arabidopsis genes that code for SSII isoforms.  The locations of the insertions in 
the mutant alleles su2-2279 and su2-5178 are indicated.  The sizes of the insertions are not 
drawn to scale. 
 
 
region that corresponds to wheat and Arabidopsis exon 2 (Figure 2.2).  There are no 
discrepancies between the sequences of the exons in the cloned genomic locus and that of the 
previously published SSIIa cDNA (Harn et al., 1998).   
Novel su2- mutations and their effects on starch structure and physical properties 
Six novel su2- mutations were collected, two of which originated from a Mutator-active 
population and four of which are apparently spontaneous (Materials and methods).  In all six  
instances homozygous mutant kernels exhibit a slightly tarnished and glassy appearance that 
is distinguishable from wild type and similar to the kernel phenotype of homozygous su2-Ref 
mutants (Creech, 1965; Neuffer et al., 1997).  For each of the six novel mutations, test 
crosses to homozygous su2-Ref plants (Eryster, 1934) yielded progeny kernels that invariably 
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displayed this characterstic mutant phenotype.  None of the six independent su2- mutations 
examined conditions any obvious growth phenotype (data not shown). 
The properties of starch granules from homozygous su2- mutant endosperm were 
characterized.  In differential scanning calorimetery (DSC) analysis su2-Ref granules are 
known to exhibit significantly lower gelatinization temperatures and gelatinization enthalpies 
than wild type granules (Campbell et al., 1994; Li and Corke, 1999).  Table 2.1 summarizes 
the data obtained from DSC analyses of granules harvested 20 DAP from wild type plants or 
plants homozygous for su2-Ref or one of the two novel mutations, su2-2279 or su-5178 (all  
 
 
Table 2.1. Thermal properties of wild-type and su2- starch granules. 
Genotype Gelatizinationa Retrogradationb
 TO (oC)  TP (oC)  TC (oC) RG (oC) ΔHR (J/g) ΔHR (J/g)  R(%) 
 Assay 
1 
Assay 
2 
 Assay
1 
 Assay
2 
 Assay 
1 
Assay 
2 
Assay 
1 
Assay 
2 
Assay 
1 
Assay 
2 
Assay 
1 
Assay 
2 
 Assay 
1 
Assay 
2 
Su2 68.6 --  71.9 --  77.1 -- 8.5 -- 12.6 -- 6.45 --  51 -- 
su2-Ref 50.3 50.0  57.6 57.4  65.6 66.5 15.3 16.5 4.81 5.27 0.82 0.87  17 17 
su2-2279 48.4 48.8  55.3 55.4  63.6 63.6 15.2 14.8 6.16 5.75 0.86 0.92  14 16 
su2-5178 52.5 54.2  58.2 59.0  66.9 67.4 14.4 13.2 5.79 5.00 1.58 1.27  27 25 
a Peak onset temperature (TO), peak temperature (TP), peak end temperature (TC), and 
enthalpy of gelatinization (ΔHG) were determined using software supplied with the DSC 
instrumentation.  The range of gelatinization (RG) was calculated as TC-TO.   
b The ΔHR was determined by keeping gelatinized samples at 4°C for 7 days, then repeating 
the same DSC analysis as was used for gelatizination.  The percentage of retrogradation 
(R%) was calculated as (ΔHR/ΔHG) x 100. 
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strains including wild type are congenic in the W64A background).  The gelatinization onset 
temperature was 15 - 20ºC lower in the mutants than in wild type, similar to what was 
observed previously for su2-Ref granules (Campbell et al., 1994; Li and Corke, 1999).  The 
enthalpy of gelatinization and the percent retrogradation after cooling were also reduced to a 
great extent in all three mutant granules.  The effects observed here of the su2- mutations on 
the thermal properties of endosperm starch are in general more extreme than what has been 
reported for su2-Ref (Campbell et al., 1994; Li and Corke, 1999), although the trends 
indicative of less crystallinity are the same. 
A previously described characteristic of su2-Ref starch composition is an apparent 
increase in the percentage of amylose as measured by iodometric determination, from 
approximately 26% to approximately 40% (Campbell et al., 1994; Li and Corke, 1999).  For 
the two novel alleles (su2-2279 and su2-5178) the amylose percentage was estimated by 
direct quantification of glucose equivalents in pooled amylose and amylopectin fractions 
after separation of the two polymers by gel permeation chromatography (GPC).  The value 
obtained for the wild type inbred W64A was approximately 28% amylose, whereas granules 
from su2-2279 or su2-5178 homozygotes contained approximately 38% amylose.  The 
genetic and physical characterization data, taken together, confirm that these novel mutations 
are alleles of the su2 locus. 
The structure of amylopectin from su2- mutant granules was determined with regard to 
the frequency distribution of linear chain lengths.  Amylopectin was purified by GPC from 
the mixture of dissolved granule polymers.  After complete debranching with bacterial 
isoamylase, the resultant linear chains between DP3 and DP60 were separated by capillary 
electrophoresis and quantified.  Figure 2.3 shows difference plots in which the frequency  
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Figure 3.3.  FACE analysis of chain length distributions in wild type and su2- amylopectin 
molecules.  Amylopectin from pooled Sepharose CL-2B chromatography fractions of wild 
type, su2-5178, su2-2279, and su2-Ref endosperm starches was debranched with isoamylase 
from Pseudomonas amyloderamosa.  The reducing ends of the linear chains were 
fluorescently labeled and separated by capillary electrophoresis.  The frequency of individual 
chain lengths in each population was normalized to total peak area.  For each chain length the 
normalized value for wild type amylopectin was subtracted from that of su2- mutant 
amylopectin. 
 
percentage for each chain length in wild type amylopectin was subtracted from that observed 
in the mutants.  All three su2- mutants analyzed exhibited a significant increase in the 
frequency of short chains in the range of DP6 to DP11, and a corresponding decrease in the 
abundance of chains in the range DP13 to DP20.  Similar effects on amylopectin structure 
have been observed previously to result from impairment of SSII activity in wheat, 
barley,rice, potato, and pea (Craig et al., 1998; Edwards et al., 1999; Yamamori et al., 2000; 
Umemoto et al., 2002; Morell et al., 2003). 
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Structure of the SSIIa genomic locus in plants bearing su2- mutations 
The finding that su2- mutant amylopectin structure resembles that known to result in 
other species from alteration of SSII function, together with the fact that the SSIIa gene maps 
very close to the su2 locus (Harn et al., 1998), suggests that su2 codes for SSIIa.  To test this 
hypothesis, the structure of the gene coding for SSIIa was characterized in plants 
homozygous for two specific su2- mutations.  Crosses between Su2/su2-2279 heterozygotes 
and Su2/Su2 homozygotes generated a segregating population in which one-half of the 
individuals were expected to carry the mutant allele (Figure 2.1).  Self-pollination of progeny 
plants distinguished heterozygous Su2/su2-2279 individuals based on the segregation of one-
quarter mutant kernels on progeny ears.  DNA extracted from immature leaves of individual 
plants in the segregating population was used as the template for PCR amplifications.  These 
reactions paired a degenerate oligonucleotide primer from within the inverted repeat of the 
Mu transposon family with one of several primers derived from exons of the SSIIa gene 
(Figure 2.2).  In one reaction, the Mu end primer Mu-9242 coupled with primer L3N yielded 
a PCR product of approximately 2.0 kb in about one-half of the plants in the segregating 
population, but failed to amplify any fragment in the remaining plants (Figure 2.4).  
Invariably the plants that yielded the 2.0 kb product were of the genotype Su2/su2-2279, 
among 176 total plants examined. 
To pinpoint the location of the Mu element and determine its identity, junction 
fragments on each end of the Mu element were amplified using primer Mu-9242 and either 
primer L2B or U2n.  The nucleotide sequences of these junction fragments were determined, 
revealing that the element had inserted at nt 1188 of the SSIIa genomic locus (Genbank no.  
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Figure 2.4.  PCR amplification of genomic DNA from segregating su2- populations.  A. 
DNA from seedlings of the indicated genotypes was amplified with the gene-specific primer 
L3N (Figure 2) and the Mu-end primer Mu-9242.  B. DNA from seedlings of the indicated 
genotypes was amplified with the gene-specific primers U5 and L5 (Figure 2).  PCR products 
were separated on 1% agarose gels and visualized by staining with ethidium bromide. 
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AY499410) within exon 3 (Figure 2.2).  A nine base pair direct repeat of genomic DNA 
sequence, 5’-CTCTTCAGC-3’, was observed at either end of the element, which is a 
common feature of Mu transposon insertions.  Examination of the inverted repeat sequences 
at each end of the Mu element indicated that the element belongs to the Mu1 class 
(Bennetzen, 1984).  Taken together, these data indicate that a Mu1 transposable element 
insertion in the third exon of the SSIIa gene resulted in the su2-2279 mutation. 
The mutation su2-5178 is independent from su2-2279 because it arose in a distinct 
population of plants (Scanlon et al., 1994).  Following introgression into the W64A genetic 
background, a su2-5178/Su2 heterozygous plant was self-pollinated, and wild type and 
mutant kernels on the progeny ear were selected.  In addition, plants heterozygous for two 
mutations, su2-5178 and o5-Ref, were self-pollinated and the doubly mutant kernels, distinct 
from those homozygous for either single mutant, were selected (Materials and Methods).  
Genomic DNA samples from plants grown from these kernels were examined for alterations 
in the SSIIa gene by PCR amplification, using gene specific primer pairs.  Similar analysis of 
DNA from wild type W64A plants yielded a fragment of approximately 500 bp using primer 
pair U5 and L5, matching the prediction from the SSIIa cDNA sequence (Figure 2.4).  
Among 65 plants analyzed, all of the su2-5178 homozygous mutants yielded an altered 
fragment size of approximately 1 kb (Figure 2.4).  In contrast, the wild type DNA samples 
yielded either one 500 bp fragment, or a 500 bp fragment plus a 1 kb fragment, in a ratio of 
approximately 1:2, respectively.  Among the wild type kernels, the former type is expected to 
be homozygous for the wild type allele, and the latter is expected to be a su2-5178/Su2 
heterozygote. 
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The phenotypic and genotypic segregation of this fragment polymorphism strongly 
suggests that the su2-5178 mutation is caused by an insertion in the SSIIa gene.  The 
nucleotide sequence of the mutant fragment was determined, revealing an insertion of 549 
base pairs following nt 4,155 of the SSIIa genomic sequence (Figure 2.2).  This insertion 
introduces a stop codon immediately after codon 601 of SSIIa, thus presumably truncating 
the protein by 131 amino acids at the carboxyl terminus.  Analysis of the insertion sequence 
(Genbank accession no. AY499411) by means of a BLAST search of the Genbank database 
indicates that it is highly similar to the gag-pol coding region within copia-like 
retrotransposons of maize.  This suggests that the su2-5178 insertion could have resulted 
from incomplete excision of a retrotransposon from an insertion within exon 10.   
These analyses revealed that in two independent instances, su2-2279 and su2-5178, 
novel alleles of the su2 locus appear in conjunction with specific insertions in the gene that 
codes for SSIIa.  The most likely explanation for these observations is that su2 codes for 
SSIIa and the insertions in the SSIIa gene are the causative agents of the mutations. 
Effects of su2- mutations on the expression of SSIIa protein 
Immunoblot analysis was used to determine whether the level of SSIIa polypeptide is 
different than normal in plants homozygous for su2-Ref or any of the six novel su2- alleles 
described here.  The anti-SSIIa polyclonal antiserum used in this analysis was raised against 
recombinant SSIIa predicted to comprise all the amino acids of the native protein (Imparl-
Radosevich et al., 1999).  The serum detected a 75 kD protein in total soluble extracts of wild 
type kernels harvested 15 DAP or 20 DAP (Figure 2.5A,B), in accordance with the molecular 
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Figure 2.5.  Immunoblot detection of SSIIa protein in maize endosperm.  Proteins from wild 
type and su2- mutant endosperm cells were separated by SDS-PAGE, then blotted to 
nitrocellulose and hybridized with anti-SSIIa antibody.  A. Analysis of total soluble 
endosperm proteins extracted from wild type, su2-2279, or su2-5178 lines harvested 10-, 15-, 
or 20- DAP.  B. Analysis of total soluble endosperm proteins extracted from the indicated 
lines harvested 20 DAP.  C. Analysis of proteins in selected anion exchange chromatography 
fractions from wild type or su2-5178 lines harvested 20 DAP.  The SS enzymatic activities 
present in each fraction analyzed are shown in Figure 6C,D.  D. Analysis of granule-bound 
proteins extracted from wild type, su2-2279, or su2-5178 starch granules from kernels 
harvested 20 DAP. 
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eight predicted from the SSIIa cDNA sequence.  This signal was clearly reduced in plants 
homozygous for any of the six novel su2- alleles (Figure 2.5 A,B).  The anti-SSIIa signal may  
also be reduced in su2-Ref homozygotes although compared to the other alleles the effect was 
not as pronounced. 
The remaining signal generated by polyclonal antiserum anti-SSIIa may result from 
cross reactivity with another SS, potentially SSIIb, especially considering that the predicted 
molecular weight of SSIIa and SSIIb is approximately the same (Harn et al., 1998).  To 
potentially eliminate any interfering cross reaction, total soluble extracts were fractioned by 
anion exchange chromatography, and the proteins in corresponding fractions were analyzed 
by immunoblot.  In this analysis, su2-5178 (Figure 2.5C) and su2-2279 (data not shown) 
were devoid of any signal generated by anti-SSIIa, confirming that expression of the SSIIa 
isoform is altered in the mutants. 
Proteins associated with starch granules were also characterized by immunoblot 
analysis, considering that SSII is known to be distributed between starch granules and the 
plastid stroma in other species (Dry et al., 1992; Denyer et al., 1993; Edwards et al., 1995; Li 
et al., 1999).  Anti-SSIIa serum detected two bands extracted from mature endosperm starch 
granules (Figure 2.5D), the largest of which was estimated to be 75 kD from its mobility in 
SDS-PAGE.  Both bands were missing in starch granules from su2-2279 (Figure 2.5D) and 
su2-5178 mutants (data not shown), again indicating that the SSIIa protein is not expressed in 
the absence a functional Su2 gene.  The finding that in six or seven independent instances the 
abundance of SSIIa in endosperm cells is reduced in su2- mutants provides further evidence 
that the su2 locus codes for this particular starch synthase isoform. 
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Effects of su2- mutations on starch synthases and other starch-metabolizing enzymes 
Two-dimensional zymograms were used to examine whether particular SS catalytic activities 
were affected by su2- mutations.  Total soluble extracts from kernels harvested 19 DAP or 
20 DAP first were fractionated by anion exchange chromatography.  Subsequently, the 
proteins in each column fraction were separated by non-denaturing PAGE in gels containing 
0.3% glycogen.  After electrophoresis the gels were incubated in the presence of the SS 
substrate ADPGlc.  Long glucan chains synthesized in the bands of the gel where an SS 
isoform is present  were visualized by staining with iodine solution. 
Six distinct bands of SS activity from wild type W64A were resolved in the two-
dimensional separation (Figure 2.6A).  The slowest migrating activity, designated band I, 
was present in fractions 32-36 in both assays of wild type kernel extracts (Figure 2.6A,C).  
This activity was missing in a du1- mutant (data not shown), and thus most likely 
corresponds to SSIII.  The next slowest migrating activity, band II, was present in fractions 
22-36 in one assay (Figure 2.6A) and predominantly in fractions 18-36 in the second assay 
(Figure 2.6C).  The third activity, band III, was present in fractions 26-36 in one assay 
(Figure 2.6A) and fractions 22-36 in the second independent analysis (Figure 2.6C).  The 
next two activities, band IV and Band V, migrate at nearly the same position in the second 
dimension separation.  Band IV was found in fractions 18-24 in one assay of wild type SSs 
and fractions 14-22 in the other assay (Figure 2.6A,C).  Band V was evident clearly in only 
one of the two assays, and appeared predominantly in fractions 28-32 (Figure 2.6A).  The 
sixth activity, band VI, was clearly present only in fraction 22 of one wild type assay (Figure 
2.6A), and this was shown by immunoblot analysis to be GBSSI (data not shown). 
 55 
16 18 20 22 24 26 28 30 32 33 34 35 361412108
VI
IV, V
II
III
I
A
Wild type
C
D
MonoQ fractions
MonoQ fractions
B
su2-2279
16 18 20 22 24 26 28 30 32 33 34 35 3614 38 40 42 44 46
su2-5178
Wild type
II
I
IV
III
VI
IV, V
II
I
II
I
IV
 
 
Figure 2.6.  Activity gel analysis of soluble SS activities.  Soluble proteins from 15 g of 
kernels harvested 20 DAP were fractionated by anion exchange chromatography.  Proteins in 
the fractions were then separated by native PAGE in gels containing 0.3% rabbit liver 
glycogen.  Gels were incubated overnight in starch synthase reaction buffer, then stained 
with I2/KI solution.  A. Wild type W64A.  B. su2-2279.  C. Wild type W64A (an independent 
analysis from that shown in panel A).  D. su2-5178. 
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The SS activities present in soluble extracts from kernels homozygous for either 
su2-2279 or su2-5178 were analyzed similarly.  In neither instance was band III observed 
(Figure 2.6B, D).  Bands I, II, IV, and V were apparently are unaffected by the su2- 
mutations.  These data indicate that a specific isoform of starch synthase present in the 
soluble phase is deficient in su2- mutants.  The most likely source of the band III activity is 
SSIIa, considering that this is the product of the su2 locus.  Furthermore, immunoblot signal 
using anti-SSIIa as a probe is detected only in those anion exchange fractions that produce 
band III in the zymogram assay, and is absent from any fractions lacking band III activity 
(data not shown).  Taken together the data establish the identity of SSIIa enzyme activity in 
total soluble extracts of wild type cells, specifically band III. 
Mutant plants bearing su2- mutations also were examined for alterations in other 
enzymes that metabolize starch, which might arise through pleiotropic effects of the mutation 
in SSIIa.  The same anion exchange chromatography fractions analyzed for SS activity also 
were subjected to another zymogram assay in which proteins were fractioned by non-
denaturing PAGE and then blotted to a gel containing starch.  After incubation the gels were 
stained with I2/KI solution, and colored bands in the blue background indicated starch-
metabolizing activities.  This analysis of wild type endosperm extracts reveals three bands of 
isoamylase-type DBE activity, one pullulanase-type DBE, three isoforms of BE, and several 
α-amylase and β-amylase activities (Colleoni et al., 2003).  All the colored bands observed in 
analysis of wild type plants also were seen in su2-2279 and su2-5178 homozygous mutant 
plants (data not shown).  Thus, su2- mutations do not have pleiotropic effects on BE, DBE or 
amylase activities that can be detected by this method. 
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Discussion 
This study demonstrates that the maize gene su2 codes for SSIIa.  The phenotypic effects of 
two independent su2- mutations co-segregate with specific physical alterations of the SSIIa 
gene.  Furthermore, in six independent instances, su2- mutations coincide with absence or 
reduction in the level of soluble and granule-bound SSII protein.  If su2 and the SSIIa gene 
were different genetic elements, then maize lines would have had to arisen at least six 
independent times such that one mutation affecting su2 and a second mutation affecting 
SSIIa were coupled in the same plant.  The likelihood of this event occurring independently 
so many times is vanishingly small, allowing the conclusion that su2 codes for SSIIa. 
From these observations it is evident that the altered structural and functional properties 
of su2- mutant starch granules result ultimately from lack of SSIIa activity.  The effects of 
reduced SSII function have been studied previously in numerous plant species including pea 
(Craig et al., 1998), potato (Edwards et al., 1999), wheat (Yamamori et al., 2000), barley 
(Morell et al., 2003) and rice (Umemoto et al., 2002).  In all instances, the effects of SSII 
deficiency on starch structure are similar.  With regard to amylopectin, SSII deficiency 
causes an increase in the abundance of short linear chains in the range of DP6 to DP11, and a 
corresponding decrease in the frequency of longer chains between approximately DP13 and 
DP25.  Thus, the suggestion that SSII is required for production of chains in the range of 
DP12 to DP25 (Umemoto et al., 2002) is well supported, and this function appears to be an 
evolutionarily conserved role of this isoform.  These observations imply that neither SSI nor 
SSIII can provide the function of SSIIa that presumably elongates short chains of DP6-11 by 
an additional 6-15 glucosyl units.  The short chains that accumulate in the absence of SSIIa 
could be produced by SSI.  This is suggested by the finding that SSI catalytic activity 
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decreases in proportion to increasing length of the linear glucan chain on which it is acting 
(Commuri and Keeling, 2001).  Another way that the short chains might be generated is 
through the action of one or more BEs on longer length chains, perhaps produced by SSIII 
(Guan and Preiss, 1993). 
The altered chain length distribution that results from loss of SSIIa provides an 
explanation of the physiochemical properties known for su2- mutant starch.  The chain 
lengths that are deficient in the mutants, DP12-25, are thought to be those that form the 
crystalline lamellae of the well known 10 nm repeat unit of starch granules.  Thus, the mutant 
starches are likely to have less hydrogen bonding association between chains.  This chemical 
feature most likely causes reduced gelatinization temperature, and also is refractory to 
recrystallation (i.e., retrogradation) upon cooling of starch gels. 
The two-dimensional zymogram data reported here indicate that some level of SSIIa 
activity is present in the soluble phase of endosperm cells at 20 DAP.  A previous study 
concluded that soluble SS activity in maize endosperm is provided almost entirely by SSI and 
SSIII, although minor soluble SS activities were not ruled out (Cao et al., 1999).  The 
zymograms are not quantitative, because SS isoforms are known to vary with regard to 
substrate specificities (Imparl-Radosevich et al., 1998; Edwards et al., 1999; Imparl-
Radosevich et al., 1999; Cao et al., 2000), and thus the intensity of each band that forms in 
the gel using glycogen as a primer or activator does not correlate directly with the activity of 
that isoform in vivo.  Even so, the data indicate clearly that SSIIa is present in the soluble 
phase of mid-development endosperm cells along with SSI and SSIII. 
The similarity in amylopectin chain length distribution between maize su2- mutants and 
other plants lacking SSII function is notable considering that the apparent contribution of this 
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isoform to total soluble SS activity varies between species.  Whereas in cereals it appears that 
SSIIa is a very minor isoform among the soluble SSs (Cao et al., 1999; Li et al., 1999), in pea 
embryos SSII accounts for 60-70% of the total soluble SS activity measured in vitro (Craig et 
al., 1998) and in potato tubers this value is about 10-15% (Edwards et al., 1995).  Because 
the effects of SSIIa deficiency are so similar among species, it is evident that the relative 
activity of this isoform in the soluble phase is not indicative of the enzyme's role in 
amylopectin synthesis.  A possible explanation is that the amount of SSIIa activity measured 
in vitro in soluble extracts is in excess of that required for normal function in vivo.  Another 
possible explanation is that the critical form of SSIIa is the one that is present within the 
starch granules, rather than in the soluble phase. 
The identity of every soluble SS isoform observed here by two-dimensional zymogram 
analysis cannot yet be determined.  Of the six activity bands, the identities of SSIII and SSIIa 
were established by analyses of mutants, and GBSSI was identified by immunoblot analysis 
(data not shown).  Three activity bands remain to be identified (bands II, IV, and V).  One of 
the remaining bands is most likely SSI, considering that antibodies specific for this isoform 
neutralize approximately 60-70% of the total soluble SS activity (Cao et al., 1999).  SSIIb is 
another likely candidate, although expression of the corresponding mRNA in endosperm 
tissue is known to be very low or negligible (Harn et al., 1998).  There may be another gene 
coding for SSIII in maize, based on observation of a SSIIIb gene in the rice genomic 
sequence (N. Fujita, personal communication).  Yet another consideration in identification of 
the observable SS activity bands is the possbility that a single SS catalytic activity migrates 
at various positions in the anion exchange separation and/or non-denaturing PAGE 
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separation.  Such behaviour is known to occur for at least one of the BEs (Colleoni et al., 
2003). 
In summary, this study established that the maize sugary2 genetic locus codes for SSIIa, 
and that loss of SSIIa activity results in specific changes in the distribution of linear chains in 
the amylopectin component of endosperm starch.  Although the activity of SSIIa relative to 
other SS isoforms seemingly is small in maize endosperm, the structural alterations in 
amylopectin produce significant changes in the functional properties of the starch granules, 
rendering them useful for a variety of applications that require freeze-thaw stability. 
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CHAPTER 3.   MUTATIONS AFFECTING STARCH SYNTHASE III Arabidopsis 
thaliana  ALTER LEAF STARCH STRUCTURE AND INCREASE THE RATE OF 
STARCH SYNTHESIS 
A paper published in the journal Plant Physiology1
Xiaoli Zhang, Alan M. Myers, and Martha G. James2 
Abstract 
The role of starch synthase III (SSIII) in the synthesis of transient starch in Arabidopsis 
was investigated by characterizing the effects of two insertion mutations at the AtSS3 gene 
locus.  Both mutations, termed Atss3-1 and Atss3-2, condition complete loss of SSIII activity 
and prevent normal gene expression at both the mRNA and protein levels.  The mutations 
cause a starch excess phenotype in leaves during the light period of the growth cycle due to 
an apparent increase in the rate of starch synthesis.  In addition, both mutations alter the 
physical structure of leaf starch.  Significant increases were noted in the mutants in the 
frequency of linear chains in amylopectin with a degree of polymerization (DP) greater than 
~60, and relatively small changes were observed in chains of DP 4-50.  Furthermore, starch 
in the Atss3-1 and Atss3-2 mutants has a higher phosphate content, approximately two times 
that of wild type leaf starch.  Total SS activity is increased in both Atss3 mutants and a 
specific SS activity appears to be upregulated.  The data indicate that in addition to its  
1Reprinted with permission from Plant Physiology 138: 663-674. 
2Author for correspondence. 
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expected direct role in starch assembly, SSIII also has a negative regulatory function in the 
biosynthesis of transient starch in Arabidopsis. 
Introduction 
Starch serves a fundamental role in the life cycle of plants as the primary carbohydrate 
storage form for chemical energy.  Transient starch is produced and degraded over short 
periods of time to satisfy the ongoing energy requirements of plant development, for example 
over the course of the diurnal cycle in the leaf.  In contrast, storage starch accumulates and 
persists in heterotrophic tissues in anticipation of future plant energy needs, such as 
germination or sprouting.    The anabolism and catabolism of both storage and transient 
starch forms requires precise control of the expression and/or activity of many different 
enzymes.  
 Starch consists of two homopolymers of α-D-glucosyl units joined in linear arrays by 
α-(1→4) glycosidic bonds, amylose (Am) and amylopectin (Ap).  Ap is the more abundant 
polymer, and it contains α-(1→6) branch linkages at a frequency of approximately 5%.  The 
organized architectural arrangement of linear and branched chains in Ap enables efficient 
packaging of large amounts of glucose into insoluble starch granules.  The basic enzymatic 
steps responsible for Ap structure begin with the formation of the activated glucosyl donor 
ADP-glucose (ADPG), catalyzed by ADPG pyrophosphorylase.  Reactions utilizing ADPG 
to build α-(1→4)-linked linear glucosyl chains are catalyzed by the starch synthases (SSs).  
Branch linkages are introduced by branching enzymes (BEs), which catalyze cleavage of an 
internal α-(1→4) linkage and creation of a new α-(1→6) linkage by transfer of the released 
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reducing end to a C6 hydroxyl.  Starch debranching enzymes (DBEs) hydrolyze branch 
linkages, and are thought to be involved in starch biosynthesis based on evidence that DBE 
mutants produce less starch than normal and contain a highly branched polysaccharide not 
observed in wild type.  Multiple SS, BE, and DBE isoforms exist in all plant species, and 
their strong evolutionary conservation suggests that each isoform class functions uniquely in 
starch metabolism. 
Five distinct SS classes are known in all plants, based on amino acid sequence 
similarities: granule-bound SS (GBSS), SSI, SSII, SSIII, and SSIV/V.  All are highly similar 
in the C-terminal region, a span of approximately 450 amino acid residues comprising the 
catalytic and starch-binding domains, but they differ significantly in the sequences of their N-
termini, with SSIII having the longest N-terminal arm.  Genetic analyses in plants that 
accumulate storage starch indicate that at least three of the SS classes provide unique 
functions in starch biosynthesis: GBSS (Shure et al., 1983; Klösgen et al., 1986); SSIII (Gao 
et al., 1998; Cao et al., 1999); and SSII (Craig et al., 1998; Morell et al., 2003; Zhang et al., 
2004).  Mutations in these SS genes cause specific alterations in starch composition and/or 
starch structure, demonstrating that the function of each of these isoforms is not fully 
compensated by any other SS.  A model to account for the roles of different SSs in 
determining the lengths of Ap chains proposes that SSI is primarily responsible for synthesis 
of the shortest chains, SSII lengthens these to provide most of the chains that crystallize, and 
SSIII produces longer length chains extending between clusters (Commuri and Keeling, 
2001; James et al., 2003).   
Although the SSs are thought to affect glucan structure primarily through their enzymatic 
extension of linear glucan chains, the SSIII isoform also is likely to influence the final 
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molecular architecture of the starch indirectly through its association with other factors, 
particularly other starch metabolizing enzymes.  This idea is supported in part by previous 
biochemical analysis of enzyme activities in maize kernels homozygous for a mutation in the 
dull1 (du1) gene, which codes for SSIII (Gao et al., 1998), in which the loss of SSIII activity 
is accompanied by the additional loss of a specific BEII activity (now known to be BEIIa) 
(Preiss and Boyer, 1979).  Furthermore, combinatorial genetic effects are produced in several 
maize double mutants involving du1, such that a more extreme kernel phenotype results than 
that exhibited by either single mutant.  Such effects, which are observed with du1 in 
combination with sugary1 (su1) (coding for the DBE ISA1) (Cameron, 1947; Mangelsdorf, 
1947), amylose extender (ae) (coding for BEIIb) (Creech, 1965), or waxy (wx) (coding for 
GBSS) (Creech, 1965; Shannon and Garwood, 1984), suggest either that physical 
interactions occur between the two gene products or that the mutations affect parallel or 
sequential steps in the starch synthesis pathway.   
To date, investigations of the effects of altered SSIII activity have focused exclusively on 
storage starch metabolism.  However, transient and storage starch forms are not synthesized 
by identical subsets of enzyme isoforms and can differ with respect to their Ap structures and 
Ap:Am ratios (Zeeman et al., 2002).  In the present study, changes in leaf starch synthesis 
were investigated in plants homozygous for mutations in the Arabidopsis thaliana gene 
AtSS3, which codes for SSIII.  Two independent null mutations in the AtSS3 locus were 
identified and found to cause changes in the structure of the Ap in leaf starch, and in the 
degree of starch phosphorylation.  In addition, both Atss3 mutations promote an overall 
increase in the amount of starch that is produced in the leaf during a single light phase of the 
diurnal cycle.  The results indicate a unique function for SSIII in starch biosynthesis, and in 
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addition demonstrate a regulatory role for this protein in determining the overall rate of 
starch accumulation. 
Results 
Identification of null mutations in the gene coding for SSIII 
The Arabidopsis genomic locus At1g11720 (Genbank accession number NP_172637), 
referred to here as AtSS3, codes for a protein that is highly similar in amino acid sequence to 
known SSIII proteins from several species (Li et al., 2000).  A nearly full-length cDNA 
expressed from this locus was obtained by RT-PCR amplification of total RNA from 
Arabidopsis leaves, then cloned and sequenced (Materials and methods).  This sequence 
matches a cDNA previously deposited in the Genbank database (accession number 
NM_101044) with 100% identity, although in neither instance has the 5’ untranslated region 
of the transcript been characterized.  Comparison of the cDNA sequence with that of the 
genomic DNA reveals a gene structure comprising 14 exons and 13 introns (Fig. 3.1A).  The 
first 60 nucleotides of the available sequence from exon 1, starting at the presumed ATG 
initiation codon, encode a predicted plastid targeting peptide of 20 amino acids according to 
analysis with the computational programs ChloroP and TargetP. 
Two mutations in the AtSS3 locus are available in the Salk collection of T-DNA insertion 
lines (SALK_065732 and SALK_102605), designated Atss3-1 and Atss3-2, respectively.  
Gene-specific primers flanking the approximate insertion site for each mutation were 
designed so that PCR analysis of genomic DNA could identify the wild type allele and each 
of the two different mutations.  Using these primers, together with a primer from the T-DNA 
left border region, the mutations were confirmed to be located in exon 13 for Atss3-1 and  
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Figure 3.1.  Characterization of Atss3 mutations.  A. Gene map.  The scaled linear map 
depicts the 14 exons as boxes and the 13 introns as lines between the boxes.  The positions of 
the translational start and stop codons in exons 1 and 14, respectively, are noted.  The 
locations of specific PCR primer sequences are noted, as well as the locations of the two T-
DNA insertions in the gene (insertions are not drawn to scale).  B. Analysis of AtSS3 5’-end 
transcripts.  Control genomic DNA from wild type leaves (lane 1) was amplified by PCR, 
and total leaf RNA from Atss3-1 and Atss3-2 mutant plants (lanes 2 and 3, respectively) was 
amplified by RT-PCR using the gene-specific primers SS3-U2 and SS3-L1.  C. Analysis of 
transcripts from the Atss3-1 mutant.  Total RNA from leaves of wild type plants (lane 1) and 
Atss3-1 plants (lanes 2 and 3) was amplified by RT-PCR.  Primer pairs are SS3-TU1 and 
SS3-TL-1 (lanes 1 and 3).  Arabidopsis SSII gene-specific primers SS2-RP1 and SS2-LP1 
served as a positive control (lane 2).  D.  Analysis of transcripts from the Atss3-2 mutant.  
Total RNA from leaves of wild type plants (lane 1) and Atss3-2 plants (lanes 2 and 3) was 
amplified by RT-PCR.  Primer pairs were SS3-RP2 and SS3-LP2 (lanes 1 and 3) or 
Arabidopsis SSII gene specific primers SS2-RP2 and SS2-LP2 as a positive control (lane 2).  
E.  Analysis of SSIII protein accumulation.  Total soluble leaf extracts from wild type, Atss3-
1, and Atss3-2 plants were separated by SDS-PAGE and probed in immunoblot analysis with 
α-AtSSIII monoclonal antibody. 
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exon 9 for Atss3-2 (Fig. 3.1A). PCR amplification distinguished the wild type and mutant 
alleles, and homozygous mutant lines were identified and confirmed by segregation analysis 
for two successive generations. 
Expression of the wild type and mutant AtSS3 loci was examined at the level of mRNA 
and protein.  RT-PCR amplification of leaf RNA revealed that for both Atss3-1 and Atss3-2 
transcripts accumulated corresponding to the 5’ region of the locus (Fig. 3.1B); however, no 
transcripts accumulated from the 3’ regions of the gene surrounding either insertion site (Fig. 
3.1C, D).  Immunoblot analysis of total proteins extracted from leaves of wild type, Atss3-1, 
or Atss3-2 plants was used to examine whether any SSIII protein accumulated in the mutants.  
A monoclonal antibody raised against a recombinant form of SSIII produced in E. coli was 
used to detect the presence of the protein.  A signal was detected in wild type plants for a 
protein migrating slightly slower than the 150 kDa molecular weight maker, in general 
agreement with the 116 kDa molecular weight predicted from the AtSS3 cDNA sequence 
(Fig. 3.1E).  This signal was completely absent from both the Atss3-1 and Atss3-2 plant 
extracts.  Taken together, the data indicate that both Atss3- mutations produce abnormal 
transcripts that fail to direct expression of normal SSIII. 
Native PAGE activity gel analysis (i.e., zymogram analysis) was employed to 
demonstrate that the two mutations result in loss of SSIII enzyme activity.  Protein extracts 
from wild type and mutant leaves were first separated by anion exchange chromatography.  
The proteins in each column fraction were then separated in non-denaturing polyacrylamide 
gels impregnated with 0.3% glycogen.  After electrophoresis, the gels were incubated in a 
buffer containing both glycogen and ADPG to establish conditions enabling the elongation of 
the exterior glycogen chains by SSs in the gel.  Staining with iodine solution revealed each  
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Figure 3.2.  Analysis of SSIII activity.  A. Two-dimensional zymogram analysis.  Proteins 
from equivalent fresh weights of leaves of wild type (top panel) and Atss3-1 plants (lower 
panel) were separated by anion exchange chromatography.  Proteins in equivalent volumes of 
the indicated HiTrapQ column fractions were separated in native polyacrylamide gels 
containing 0.3% glycogen then stained with iodine solution.  Identifiable SS activity bands 
are indicated.  The asterisk in the Atss3-1 analysis indicates the position that corresponds to 
band A in the wild type analysis.  B.  Immunoblot analysis. Duplicate gels to those shown in 
panel A were probed for the presence of SSIII with α-AtSSIII monoclonal antibody.  C.  
One-dimensional zymogram analysis.  Total soluble protein extracts from leaves of wild 
type, Atss3-1, and Atss3-2 plants were analyzed for SS activity as described for panel A.  In 
this instance, there was no prior anion exchange fractionation step.  
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SS activity as a brown band on a tan background.  Two major and two minor activity bands 
were observed in wild type extracts (Fig. 3.2A).  The most slowly migrating activity, one of 
the major bands, was completely missing in the extract from Atss3-1 leaves.  Immunblot 
analysis demonstrated that the SSIII protein comigrated with the most slowly migrating SS 
activity, and that this signal was again missing from the Atss3-1 mutant plant (Fig. 3.2B).  In 
a similar zymogram analysis using total leaf extract that had not been subjected to anion 
exchange fractionation, the most slowly migrating SS activity also was found to be absent 
from Atss3-2 plants as well as the Atss3-1 mutant (Fig. 3.2C).  Taken together, the data 
indicate that SSIII activity is completely missing in the two Atss3- mutants.  These two 
homozygous lines were used in the subsequent analyses to determine the effects of mutation 
of SSIII on starch biosynthesis. 
Atss3 mutations condition increased starch synthesis rate 
Homozygous mutant Atss3-1 and Atss3-2 plants appear to have normal seed germination 
properties, growth rates after germination, and flowering times.  No obvious differences 
between mutant and wild type were observed in terms of plant size or morphology.  
However, investigation of transient starch metabolism in the leaves revealed that both 
mutants exhibit a starch excess phenotype.  Plants grown under a photoperiod of 16 hours 
light/8 hours dark were initially examined for starch content by comparing the iodine staining 
intensity of the leaf starch following the removal of chlorophyll.  This qualitative analysis 
revealed an apparent excess of starch at the middle and end of the light cycle for both 
mutants (Fig. 3.3, and data not shown).  Quantitative data for starch content was then 
collected for homozygous wild type and Atss3-1 plants subjected to the same light regime.   
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Figure 3.3.  Qualitative analysis of leaf starch content.  Wild type, Atss3-1, and Atss3-2 
Arabidopsis plants grown under long day (LD, 16 h light/8 h dark) conditions (panels A, B, 
and C) or short day (SD, 12 h light/12 h dark) conditions (panels D and E) were decolorized 
and stained with iodine solution, then washed with water and photographed.  A.  Atss3-1 and 
wild type leaves harvested at the end of the light phase.  B. Atss3-1 and wild type leaves 
harvested at the end of the dark phase.  C. Atss3-2 and wild type leaves harvested at the end 
of the light phase.  D. Atss3-1 and wild type leaves harvested at the end of the light phase.  E. 
Atss3-1 and wild type leaves harvested at the end of the dark phase. 
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Figure 3.4.  Starch accumulation in Arabidopsis leaves over the course of a diurnal cycle.  
Starch was harvested at 4 h intervals from wild type plants (solid line) and Atss3-1 plants 
(dashed line) grown under a long-day photoperiod of 16 h light (white bar)/8 h dark (black 
bar).  Starch quantification is in units of mg/g fresh weight of the tissue.  Each data point is 
the average of six independent plants, and the standard error is indicated.   
 
For each time point, six whole plants were harvested and starch was quantified from each 
individual plant.  This analysis revealed that the mutant accumulates 1.5 - 2 times more 
starch than wild type, and statistical analysis showed the difference to be highly significant 
(Fig. 3.4).  The entire analysis of Fig. 4 was repeated independently two times, several 
months apart, with essentially the same results except that in one repetition the starch content 
increase was still evident at the end of the dark phase (data not shown). 
To discover whether the starch excess phenotype is specific to the imposed growth 
conditions of a long-day photoperiod, wild type and mutant plants also were grown under a 
12 h light/12 h dark regimen.  For both Atss3-1 and Atss3-2, iodine staining of the leaf starch 
indicated an excess at the end of 12 h light period, but relatively little difference from wild 
type at the end of the dark period (Fig. 3.3, and data not shown).  Quantification of starch at 
the end of the 12 h light phase showed a small increase in starch content in the mutant, and 
equivalent amounts of remnant starch after 12 h of darkness (Table 3.1).   
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Table 3.1. Leaf starch contenta
Growth 
condition 
Genotype Collection Time No. of 
samples 
Starch Content 
 
Wild type EOL 2 7.72 ± 0.69 
Atss3-1 EOL 4 13.42 ± 0.95 
Wild type EOD 4 3.29 ± 0.32 
Starch depleted 
LD 
Atss3-1 EOD 6 3.86 ± 0.30 
Wild type EOL 5 8.39 ± 0.44 
Atss3-1 EOL 5 9.43 ± 0.37 
Wild type EOD 7 2.37 ± 0.13 
Normal growth 
SD 
Atss3-1 EOD 7 2.43 ± 0.08 
 
aValues shown for starch content are in units of mg/g fresh weight ± standard error.  Plants 
were grown under either long day (LD, 16 h light/8 h dark) or short day (SD, 12 h light/12 h 
dark) conditions.  Plants were harvested either at the end of the light phase (EOL) or the end 
of the dark phase (EOD).  For starch depletion, plants were grown in the LD regime, then 
grown for an extended period in the dark of 18 h, then returned to the light for 16 h. 
 
To test whether the increased starch accumulation occurs within a single photoperiod, the 
dark phase was extended to 18 hours in order to completely deplete starch from the leaves.  
The starch-depleted plants then were allowed to grow in the light for 16 h, after which leaf 
starch was extracted and quantified.  These data showed that at the end of one light cycle the 
starch content of the Atss3-1 leaves exceeded that of wild type by approximately 1.5 fold 
(Table 3.1).  There was little difference in the starch amounts in leaves after a successive 
dark cycle of 8 h (Table 3.1).  Together, the data suggest that the Atss3- starch excess 
phenotype can be attributed to an increased rate of starch biosynthesis, and that the mutations 
have little or no effect on starch degradation.  The effect was consistent in five repetitions of 
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the analysis, either by iodine stain or starch quantification, and for two independent alleles of 
AtSS3.  Thus, the starch excess phenotype can be attributed specifically to the loss of SSIII. 
Atss3  mutations alter the structure of leaf Ap 
Compositional and structural changes in leaf starch that result from Atss3 mutations were 
investigated.  To assess the relative amounts of component glucans, starches isolated from 
wild type and Atss3-1 mutant leaves were separated according to molecular mass by gel 
permeation chromatography (GPC) on a CL-2B column.  The profiles were very similar, 
indicating that Atss3-1 does not condition a significant change in the Ap/Am ratio (Fig.3.5).   
 
 
Figure 3.5.  Size fractionation of glucan polymers from starch granules.  Starch from wild 
type and Atss3-1 plants was separated by gel permeation chromatography on a Sepharose 
CL-2B column, and the glucose equivalents in each column fraction were determined. 
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Figure 3.6.  FACE analysis of leaf starch chain length distributions.  Starch from leaves of 
wild type, Atss3-1, and Atss3-2 plants was debranched with commercial isoamylase.  The 
reducing ends of the linear chains were fluorescently labeled and separated by FACE.  The 
frequency of individual chain lengths in each starch sample was normalized to total peak 
area.  In the two lower panels, the normalized value for each chain length from the wild type 
starch was subtracted from that of either the Atss3-1 or the Atss3-2 mutant. Values are the 
average of three independent determinations and standard error is indicated. 
 
The frequency distribution of linear glucan chain of each DP from 3 to approximately 50 
was determined in starch from Atss3-1, Atss3-2, and wild type leaves by fluorescence-
assisted capillary electrophoresis (FACE).  For this analysis, the population of linear chains 
produced after complete hydrolysis of branch linkages by isoamylase treatment was labeled 
at the reducing ends with a fluorophore and separated based on DP.  Subtraction of the 
normalized chain length distribution of wild type starch from similar distributions of Atss3-1 
and Atss3-2 mutant starches shows that the frequency of chains of DP 5 - 10 are increased in 
the mutants, chains of DP 14 - 20 are decreased, chains of DP 26 - 37 are increased, and 
chains of DP 43 - 46 are decreased (Fig. 3.6).  In all cases, the degree of difference between 
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the wild type and the mutant starch profile is small, typically 0.5% or less.  However, the 
difference pattern is highly repeatable in independent biological replicates and the patterns 
for Atss3-1 and Atss3-2 starches are very similar.  Thus, there is a small but reproducible 
change in the frequency in Ap of specific linear chain lengths less than DP 50 when SSIII is 
not present. 
GPC also was used as a method to compare the frequency distribution of the longer linear 
chains in Ap, again after completely debranching the starch with isoamylase.  The resolution 
of the method for separating linear glucan chains based on DP is far lower than the FACE 
method; however, GPC has the advantage of revealing the presence of longer chains that 
cannot be resolved by capillary electrophoresis (Fig. 3.7).  Starch from both Atss3-1 and 
Atss3-2 mutants showed an obvious increase in the frequency of a population of longer 
length chains (fractions 48 - 63) compared to wild type.  Analysis of the chain lengths 
present in selected GPC fractions indicates that the chains that are increased in abundance in 
the mutants are greater than DP 60 (data not shown). 
 
 
Figure 3.7.  Size fractionation of linear glucan chains.  Starch from leaves of wild type (solid 
line), Atss3-1 (dotted line), and Atss3-2 (dashed line) plants was debranched to completion 
with commercial isoamylase and the resulting linear chains were separated by gel permeation 
chromatography on a Sepharose CL-2B column.  The glucose equivalents in each column 
fraction were quantified and plotted as a percentage of total glucose equivalents.   
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Figure 3.8.  Starch granule morphology.  Starch granules from leaves of wild type and 
Atss3-1 plants were coated with gold particles, visualized by scanning electron microscopy, 
and photographed. 
 
Scanning electron microscopy (SEM) was used to reveal whether there were significant 
changes in granule morphology in the absence of SSIII.  The starch granules from wild type, 
Atss3-1, and Atss3-2 leaves were all very similar in size and morphology (Fig. 3.8 and data 
not shown).  Thus, the Ap structural alterations caused by changes in chain length abundance 
in the plants lacking SSIII must not be of a nature that would cause gross changes to the 
structure of starch granules. 
Phosphate content of the starch is increased in Atss3 mutants 
Storage starches are known to contain monoesterified phosphate (Pi) groups at the C3 or 
the C6 position of some of the glucosyl units in Ap (Blennow et al., 2002).  The extent of 
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phosphorylation varies from a relatively high level in potato tuber starch to a minimal 
amount in the cereal starches (Blennow et al., 2000).  To examine and compare the Pi content 
of starches in wild type and Atss3 leaves of Arabidopsis, a modified malachite green 
procedure was employed that measures the staining intensity corresponding with the 
enzymatic release of Pi (Ekman and Jager, 1993).  This method revealed increased phosphate 
in the leaf starches of both Atss3 mutants to a level approximately 2 - 3 times that of wild 
type leaf starch (Table 3.2).  The same analysis was applied to starch from kernels of a maize 
mutant lacking SSIII activity, dul1-M5, and again a large increase in the amount of 
phosphorylation was observed.  This indicates that loss of SSIII activity directly or indirectly 
results in increased phosphorylation of transient starch as well as storage starch.  This result 
is supportive of the previous finding that antisense suppression of SSIII in potato tubers 
 
Table 3.2.  Phosphate content of leaf starcha
Organism Genotype Replications Phosphate content 
Arabidopsis Wild-type 3 4.333 ± 0.024 
 Atss3-1 2 10.732 ± 0.031 
 Atss3-2 2 8.989 ± 0.001 
Maize Oh43 2 0.822 ± 0.019 
 dul-M5 2 2.828 ± 0.144 
 
aThe phosphate content of starch from Arabidopsis leaves or maize endosperm tissue was 
measured in units of ηmol/mg starch.  Starch isolated from Arabidopsis leaves at the end of 
the light phase, or from imbibed mature maize kernels, was dried then suspended in buffer.  
Phosphate content measurements were conducted on equivalent amounts of starch in 
duplicate or triplicate, as indicated.   
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tubers results in higher phosphate content of the tuber starch (Lloyd et al., 1999), although in 
the case of the Arabidopsis and maize mutants the relative increase is greater than was 
observed in potato.   
Additional SS activity in leaves of Atss3 mutants 
The starch excess phenotype conditioned by Atss3 mutants suggests that SSIII activity 
loss is at least partially compensated by other SS isoforms, and that other types of starch 
biosynthetic enzyme activities also may be increased.  To investigate specific effects of Atss3 
mutations on starch metabolizing enzymes, leaf protein extracts were subjected to starch 
zymogram analysis.  Proteins were first separated by native PAGE, then transferred to 
another native gel containing starch and stained with iodine (Colleoni et al., 2003).  This 
analysis, which enables visualization of the BE activities and the starch hydrolytic activities 
of the DBEs, α-amylases, and β-amylases, showed no differences between wild type and 
mutant plants with respect to the migration, coloration, or band intensities of these activities 
(data not shown).  Thus, loss of SSIII does not produce any alteration in these activities that 
is clearly observable by zymogram analysis.   
Because individual SS activities are more readily distinguished from one another after an 
initial separation by anion exchange chromatography, partially purified proteins in HiTrapQ 
column fractions were analyzed in SS zymograms, in which brown-colored, iodine stained 
bands (Fig. 3.2A, bands A-E) are believed to represent SS activities.  In control zymograms 
in which ADPGlc was omitted band B was clearly visible, but bands A, C, D, and E were not 
observed (data not shown).  This indicates that band B does not represent an SS activity, but 
bands A, C, D, and E do because the activities require the ADPGlc substrate.  The zymogram  
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Table 3.3.  Total SS activity in leavesa
Genotype No. of samples Activity 
Wild type 5 129 ± 3.3  
Atss3-1 3 158 ± 1.6 
Atss3-2 3 188 ± 2.1  
 
aSS activity was measured in units of nmol min-1 mg-1 protein ± standard error for equivalent 
amounts of protein from wild type, Atss3-1, and Atss3-2 leaves.  These values were 
determined by quantifying the incorporation of radiolabeled glucose from 14C-ADPG into 
acid-precipitable polysaccharide.  Values were obtained from the indicated numbers of 
samples. 
 
analysis revealed not only the loss of SSIII activity in the mutants but also an apparent 
increase in another SS activity, indicated by stronger iodine staining intensity in the mutant 
(Fig. 3.2A, band E).  Band E is only faintly discernable in wild type extracts, and in the 
mutant extract this band appears to co-fractionate with SS activity band C.  Based on the 
knowledge that a relatively fast migrating SS activity such as that of band C is missing in an 
Atss1- mutant (C. D’Hulst, personal communication), it is reasonable to predict that band C 
represents the SSI isoform.  Thus, it is possible that the increased SS activity in band E in 
Atss3-1 leaves could be an alternative form of SSI.  Another possibility is that band E could 
derive from increased activity of a granule-bound SS (GBSS), which is reported to further 
elongate long Ap chains in the context of a crystalline matrix (Dauvillee et al., 1999).   
To quantify the effect of the loss of SSIII on total SS activity in the leaves, a biochemical 
assay was employed that measures incorporation of label from ADPGlc into elongated linear 
glucosyl chains in the presence of equivalent amounts of wild type and Atss3- mutant leaf 
protein.  Total SS activity was increased in both Atss3-1 and Atss3-2 mutants, from 1.2 to 1.5 
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times that of wild type (Table 3.3).  These data support the hypothesis that loss of SSIII is 
compensated by increases in the activity(s) of one or more of the other SS isoforms.   
Discussion 
Characterization of Atss3 alleles 
This study demonstrates a unique collection of starch biosynthesis alterations that can be 
attributed to loss of the SS isoform, SSIII.  The fact that mutation of AtSS3 is the causative 
agent of the observed phenotypes, as opposed to a secondary mutation in the T-DNA lines, is 
indicated by analysis of two independently derived mutant alleles.  All of the observed 
phenotypic effects were very similar for both Atss3-1 and Atss3-2.  The likelihood of the 
same unidentified mutation being present in independent lines, or of different unidentified 
mutations causing the same unique phenotype, is extremely small.  We conclude, therefore, 
that all the observed effects on Arabidopsis starch biosynthesis arise as a result of mutations 
at the locus that codes for SSIII. 
Both Atss3-1 and Atss3-2 clearly are null alleles in terms of SSIII expression at the level 
of enzyme activity (Fig. 3.2A, C).  The data also show definitively that SSIII protein 
expression is altered (Fig. 3.1E, Fig. 3.2B); however, the possibility that a remnant amino 
terminal protein fragment of SSIII accumulates in the mutants cannot be ruled out.  A 
monoclonal antibody was used to detect SSIII, and the epitope recognized by this antibody is 
not known because full-length recombinant SSIII protein was used as the antigen.  Thus, if 
the epitope is located at the carboxyl terminus of SSIII, accumulation of an amino terminal 
fragment lacking enzyme activity would not be detected.  Nevertheless, it is clear that the C 
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terminal portion of SSIII is lacking in both mutants, as shown by analyses of transcript, 
protein, and enzyme activity. 
A starch excess phenotype caused by elimination of a starch biosynthetic enzyme 
A unexpected result of this study is that, when SSIII activity is eliminated from 
Arabidopsis leaves, there is an increase in the rate of starch accumulation during the light 
phase of a diurnal cycle.  This result seemingly is at odds with the known function of SSs as 
positive factors for starch production.  In this instance, however, one role of the biosynthetic 
enzyme SSIII apparently is to serve as a negative regulator of starch biosynthesis.  The 
higher level of starch in Atss3 mutants cannot be attributed to a defect in starch degradation, 
because excess accumulation was observed in a single light period, after starch had been 
completely eliminated during extended growth in the dark.  Previous studies of starch 
turnover show that little or no degradation occurs during the light in Arabidopsis leaves 
(Zeeman et al., 2002).  Taken together, these data indicate that there is an increased rate of 
starch synthesis in the Atss3 mutants. 
One possible explanation for increased starch synthesis could be the removal of an 
inhibitory effect of SSIII on the activities of one or more of the other starch biosynthetic 
enzymes, particularly the remaining SS isoforms.  The data show that in the Atss3 mutants, 
total SS activity is increased despite the loss of SSIII.  This result is analogous to a previous 
observation in maize that mutation at the dull1 locus, which codes for SSIII, causes increased 
total SS activity in developing kernels (Singletary et al., 1997).  Furthermore, two-
dimensional zymogram analysis of wild type and mutant Arabidopsis leaf proteins showed 
increased activity of an SS (Fig. 3.2A, band E) that co-fractionates with a strong, faster-
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migrating SS (Fig. 3.2A, band C).  This new activity could result from a modification of 
either SSI or SSII, perhaps owing to a change in the structure of the polypeptide or altered 
association with other factors. 
An alternative explanation for the increase in the starch biosynthetic rate could be that 
changes in Ap structure caused by the loss of SSIII produce a branched glucan that provides 
a more efficient substrate for the activities of the remaining starch biosynthetic enzymes.  
Although the chain length differences in the mutant starches are not dramatically different 
from wild type, they could be such that they allow for increased SSI and/or SSII activities.  
The specific nature of some of the structural changes in Atss3 starch provides support for this 
hypothesis.  Previous in vitro analysis of SSI activity suggests it functions primarily in the 
production of the shortest chains (Commuri and Keeling, 2001) (C. D’Hulst, unpublished 
results), and the Atss3 mutant starch does have a slight excess of short chains of DP 10 or 
less that could result from increased SSI activity. 
Arabidopsis SSIII has been implicated previously, although indirectly, in a starch excess 
phenotype (Sehnke et al., 2001).  In that report, SSIII was shown to bind a trans-acting 
regulatory factor, one of the 14-3-3 proteins, and antisense inhibition of the 14-3-3 proteins 
was shown to cause excess starch accumulation in leaves.  The starch excess phenotype was 
proposed to result from decreased inhibition of SSIII activity in response to reduced 14-3-3 
binding in the mutant line.  The present study shows that loss of SSIII itself results in a starch 
excess phenotype, which is not entirely consistent with this model.  However, if binding of 
the 14-3-3 factor to SSIII is required for SS activity, this could account for the observed 
phenotype.  The question remains open as to whether the apparent negative regulatory effect 
of SSIII on starch biosynthetic rate is mediated in part by binding to a 14-3-3 protein. 
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Structural changes in Ap resulting from loss of SSIII 
Mutations in the Arabidopsis gene coding for SSIII affect both the physical and 
chemical structure of leaf starch, i.e., chain length distribution and phosphate content, 
respectively.  Most of the Atss3 chain length differences are relatively small in terms of the 
percentage change from wild type and they do not result in gross morphological changes in 
starch granules.  The effects of Atss3-1 and Atss3-2 on starch physical structure include more 
Ap short chains of DP 10 or less, which most likely represent unbranched external A chains, 
and fewer Ap chains of approximately DP 11-22, which are thought to comprise the 
crystalline lamellae of the cluster unit (Umemoto et al., 2002).  The explanations for these 
complex changes cannot yet be known, although possibilities include both altered substrate 
availability and enzyme regulation.  As mentioned previously in this discussion, enhanced 
SSI activity might account for the increase in short chains in the range of DP 6-10.  However, 
the decrease of chains in the range of DP 11-20 in the Atss3- mutants could be the result of 
less activity of SSII.  Studies in maize, pea, potato, rice, and Chlamydomonas indicate that 
SSII functions to elongate very short chains of DP 6-10, producing intermediate chains of DP 
~11-24 for the crystalline lamellae (Fontaine et al., 1993; Craig et al., 1998; Edwards et al., 
1999; Umemoto et al., 2002; Zhang et al., 2004).  Because Atss3 leaf starch has fewer chains 
of these intermediate lengths, a potential down-regulation of SSII is suggested.  Thus, the 
starch structural changes produced by SSIII loss are likely to be due to the combined effects 
of both positive and negative alterations in other starch biosynthetic enzyme activities.  
Furthermore, SS activity may not be the only factor contributing to the chain length 
distribution, because BE activity also alters this physical characteristic of the polymer.   
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Perhaps, the most significant structural difference observed in the Atss3 mutants is with 
respect to very long chains, estimated to be greater than DP 60, which are more prevalent in 
the mutant starch.  This result is consistent with previous analysis of endosperm starch in 
maize plants homozygous for mutations in the du1 gene, which showed that this SSIII mutant 
starch contained the longest chains of any starch form that has been characterized (Wang et 
al., 1993).  Longer chains appearing when SSIII activity is eliminated might result from a 
compensating soluble SS, although the known properties of SSI and SSII are not consistent 
with the idea that these isoforms produce chains of more than DP 25.  It is possible that SSIV 
may be involved in long chain production, or that BE activity is reduced in the SSIII mutants, 
so that many long chains remain without being cleaved into shorter lengths during branch 
formation.  No change in BE activity was observed in vitro in the Atss3 mutants; however, 
zymogram analysis is not quantitative and may not have the sensitivity to detect small 
activity changes.  Another explanation for the very long chains in Atss mutant starch could be 
an increased or redirected activity of GBSS, which has been shown to function in the 
elongation of long Ap chains in Chlamydomonas in addition to its major role in the synthesis 
of Am (Delrue et al., 1992; Dauvillee et al., 1999).  The Am:Ap ratio is unchanged by the 
Atss3 mutations, but it is possible that the structural changes in Ap molecules in the mutant 
could provide a better substrate for GBSS activity.   
The production of a starch with more long chains is likely to account for the observed 
increase in starch phosphate content in the Atss3- mutants.  This is in line with studies in 
transgenic plants that indicate starch phosphorylation depends on the structure of the starch.  
The specific suppression of SSIII in transgenic potato causes a 70% increase in the 
phosphorylation frequency, most likely due to increases in the lengths of the longest Ap 
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chains (Abel et al., 1996; Lloyd et al., 1999).  Antisense suppression of BE activity, which 
causes formation of longer length Ap chains, also resulted in significantly increased levels of 
starch-bound phosphate (Schwall et al., 2000).  In the present study, the phosphate content of 
the Atss3-1 and Atss3-2 leaf starches in Arabidopsis, and du1- mutant endosperm starch was 
2 to 3 times that of wild type starch, an even greater effect than has been observed in the 
transgenic potato studies.  The biochemical reason that excess frequency of very long chains 
correlates with higher phosphate level remains to be discovered. 
Continued use of the Arabidopsis reverse genetic resources, such as in the current study, 
is likely to provide in the near future significant new insights into questions regarding the 
complex direct and indirect functions of each starch biosynthetic isoform.  Single mutant 
characterizations have been completed for SSIII (this study), SSII (X. Zhang, unpublished 
results), and SSI (C. D’Hulst, unpublished results), and analysis of double mutant 
combinations is underway. 
Materials and methods 
Plant materials  
Wild-type Arabidopsis thaliana of the ecotype Columbia (Col-0) and Atss3 mutant lines 
in the same genetic background were sown in Sunshine Soil mix.  Sown seeds were 
incubated at 4°C for 2-3 days then grown at 21°C, 60% relative humidity, in a 12-h light/12-
h dark photoperiod, or a 16-h light/8-h dark photoperiod.  Two Atss3 mutant lines were 
identified by PCR screening of Arabidopsis plants from the Salk collection that contain 
random T-DNA insertions.  PCR primers were derived from the T-DNA left border (LBa1: 
TGG TTC ACG TAG TGG GCC ATC G) and from the SSIII gene sequence (SS3-TU1, 
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AGG TTG TCT TAT TAG GTT CAG C; SS3-TL1, GTG CAG AGT GAT AGA GCT CAA 
G; SS3-RP2, GCC CCA GCA TAA ATC TGG AGA G; SS3-LP2, CCT CTT CTC TGA 
AGC CCT TCC C) (Fig. 1A).  Nucleotide sequence analysis of PCR products generated by 
LBa1 together with a gene specific primer (SS3-TU1 or SS3-LP2) confirmed the locations of 
the T-DNA insertion sites for both alleles, termed Atss3-1 and Atss3-2.  Control 
amplifications were conducted for each mutant allele using primers from the Arabidopsis 
gene coding for SSII (AT3G01180) (SS2-RP1, GCT ACC AAT ATC ACA TTC ATG AC; 
SS2-LP1, CTT ACC ATG ATT TGC CTT CTG; LP2, CCT CTT CTC TGA AGC CCT TCC 
C; RP2, AGT GGT GGA AAA TTA GGG GCG). 
Expression of recombinant SSIII in E. coli and monoclonal antibody production 
Nearly full length SSIII cDNA was amplified from total RNA isolated from Arabidopsis 
leaves by RT-PCR using the following gene-specific primers: SS3-U2: GCT TCA GGA 
CCA AAA AGC TC; and SS3-L1: AAG AAG AAA GGA TCA AAC TCT C (Fig. 1A).  
The coding region of the SSIII cDNA minus the 60 nucleotide sequence coding for a 
predicted transit peptide was cloned into a pDONR plasmid vector using Gateway cloning 
technology (Invitrogen) to generate plasmid pESS3 (Entry clone).  The SSIII cDNA 
sequence was transferred to the pDEST15 expression vector by means of the PCR-based 
Gateway homologous recombination system, resulting in fusion of the Arabidopsis SSIII 
fused to a sequence coding for a GST tag.  The resulting plasmid pDSS3 was introduced into 
E. coli cells by electroporation and expressed as a fusion protein with the N-terminal GST tag 
according to standard Gateway system protocols.  Recombinant SSIII protein was affinity 
purified using a GST-agarose column, from which it was eluted by competition with free 
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glutathione.  The purified protein was analyzed by SDS-PAGE.  Purified recombinant SSIII 
protein was sliced from the gel for use as antigen for the production of monoclonal 
antibodies.  Inoculation of mice and screening of sera was conducted at the Iowa State 
University Hybridoma Facility.  The hybridoma culture fluid designated as α-AtSSIII was 
used undiluted for immunoblot analysis. 
Leaf protein extraction 
Proteins were extracted from Arabidopsis leaves by grinding 200 - 400 mg leaf tissue 
(fresh wt) under liquid nitrogen with a mortar and pestle.  The tissue was homogenized in 
two volumes of Extraction Buffer (0.1M Hepes-KOH pH 7.0, 20 mM 2-mercaptoethanol, 
0.1mg/mL PMSF, 0.1% (v/v) Triton X-100, 1mM EDTA, and 20% (v/v) glycerol).  The 
homogenate was centrifuged at 13,000 rpm for 20 min at 4°C, and the supernatant was frozen 
immediately with liquid nitrogen then stored at -80°C.  Protein content of the supernatant 
was determined by standard methods (Bradford, 1976). 
Qualitative comparison of leaf starch content and starch quantification 
Leaves of individual plants (100 - 400 mg fresh wt) were boiled in 50 mL 80% (v/v) 
ethanol. The decolored leaves were then ground with a mortar and pestle in 80% ethanol, 
centrifuged for 10 min at 13,000 rpm, and the pellet was washed twice with 80% ethanol.  
After centrifugation, the insoluble material was suspended in 1 mL distilled water and boiled 
for 30 min.  Total starch in each leaf sample was quantified using a commercial glucose 
assay kit (catalog No. E0207748; R-Biopharm, Darmstadt, Germany), according to 
instructions in the kit protocol.  The assay employs amyloglucosidase to achieve complete 
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digestion of the starch sample to glucose, and measurement of the glucose by application of a 
glucose oxidase enzymatic assay. 
For qualitative comparison of leaf starch content, whole plants were harvested at specific 
times in the diurnal cycle and decolorized as described in the previous paragraph.  Plants 
were stained with fresh iodine solution (I2/KI: 5 g KI, 0.5 g I2 in 500 mL water) for 5 min, 
destained in water for 1 -2 h, and photographed immediately.  In all instances, pairs of wild 
type and mutant plants were stained and destained identically. 
Starch granule analysis 
Arabidopsis leaves were harvested in the middle or end of the light phase of the 16 h 
light/8 h dark photoperiod.  Leaves were washed in water then homogenized in five volumes 
of Isolation Buffer (100 mM 3-(N-morpholino) propanesulphonic acid (MOPS), pH 7.2; 5 
mM EDTA) using a mortar and pestle. The homogenate was filtered through two layers of 
Miracloth and centrifuged at 3000g for 10 min at 4°C.  The starch granules in the pellet were 
purified by means of two centrifugations through 90% Percoll/10% Isolation Buffer, then 
washed repeatedly with water and dried at room temperature. Scanning electron 
photomicrographs of gold-coated starch granules were produced by the ISU Microscopy 
Facility. 
Partial purification of leaf proteins and SS activity analysis 
For partial purification of leaf proteins, 10 g leaf tissue harvested at the middle of light 
phase of the photoperiod were ground to a fine powder in liquid nitrogen with a mortar and 
pestle.  The powdered tissue was suspended in 8 mL buffer (50 mM Tris-acetate, pH 7.5, 10 
mM DTT, and 1x protease inhibitor cocktail [Sigma, catalog No.P-8465]) then centrifuged at 
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13,000 rpm for 20 min at 4°C.  The supernatant was passed through a 0.22 μm filter and 
proteins were separated by anion exchange chromatography on a Hitrap Q column 
(Amersham-Pharmacia, Catalog No. 17-1164-01) using AKTA FPLC instrumentation 
(Amersham-Pharmacia).  After the bound proteins were eluted with a linear NaCl gradient 
(0-45%), they were separated and equivalent fraction volumes were analyzed in native 
activity gels (i.e., starch synthase zymograms), as described previously (Zhang et al., 2004).  
Proteins in duplicate gels were transferred to a nitrocellulose membrane for hybridization 
with α-AtSSIII monoclonal antibody. 
Total soluble starch synthase activity in leaves was assayed according to the methanol-
KCl precipitation method described by Cao et al. (1999).  Fresh leaves (200 mg) were ground 
into fine powder in liquid nitrogen and suspended in 400 μL Extraction Buffer.  Protein 
concentration was determined by the Bradford method, and starch synthase activity assay 
was then conducted with different amounts of protein. Control experiments demonstrated that 
the amount of 14C incorporated into methanol–precipitable product is linear with respect to 
the amount of protein in the assay (data not shown).  
Characterization of starch structure and properties 
Relative Ap and Am content was determined as follows.  Solubilized starches from 
mutant and wild-type leaves were size-fractionated on a Sepharose CL-2B column 
(Amersham-Biosciences) according to a previously described method (Dinges et al., 2001).  
The Am percentage is defined as (glucose equivalents in amylose-containing fractions/total 
glucose equivalents) x 100. The glucose equivalents in each fraction were measured 
following complete hydrolysis of the sample with amyloglucosidase (Megazyme. catalog No. 
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80610), using a colorimetric glucose oxidase/peroxidase method (Sigma Diagnostics, 
catalog. no. 510-A).  In a separate analysis, starch was debranched to completion with 
Pseudomonas isoamylase prior to separation on the CL-2B column, as described previously 
(Dinges et al., 2001), and the glucose equivalents in each column fraction were measured. 
The distribution of the linear chain lengths in starch samples was determined by 
fluorophore-assisted carbohydrate electrophoresis (FACE) of the debranched starch, as 
described previously (O'Shea et al., 1998; Dinges et al., 2003).  Measurements were 
performed on three independent starch samples for both wild type and each Atss3 mutant. 
Determination of starch phosphate content 
Total phosphate in the starch was determined using the Malachite Green method (Ekman 
and Jager, 1993).  Dry starch (3mg) from wild type, Atss3-1, and Atss3-2 mutant leaves of 
Arabidopsis, or 10 mg dry starch from maize wild type inbred Oh43 or du1-M5 mutant 
endosperm (Gao et al., 1998), was suspended in 0.3 mL concentrated H2SO4 and charred 
over a gas burner.  The solution was clarified by drop-wise addition of H2O2 (30%, w/v).  
The volume was increased by the addition of 1.032 mL water and the sequential addition of 
1.068 mL 10.19 N NaOH, and the samples were capped and boiled for 10 min.  A 100 μL 
aliquot of the digested sample was transferred to a cuvette, together with 100 μL Clark and 
Lubs buffer (0.054 M KCl, 0.146 N HCl), followed by 40 μL 6 N HCl.  60 μL dH2O was 
added to balance the 6 N HCl to 100 μL.   Phosphate regent (1 vol 10% (NH4)6Mo7O24, 3 vol 
0.2% Malachite Green) was added (100 μL), and the mixture was incubated at room 
temperature for 20 min.  The phosphate content was determined by measurement of the A660 
and comparisons with standards with known KH2PO4 contents. 
 95 
Acknowledgements 
The authors thank the Arabidopsis Biological Resource Center and the Salk Institute 
Genomic Analysis Laboratory for providing T-DNA insertion mutants.  We also thank the 
staff of the ISU Microscopy Facility, Ms. Tracie Bierwagen for help with FACE analysis and 
stock maintenance, and Dr. Akiko Kubo for helpful discussions.  We also are grateful to Dr. 
Christophe D’Hulst for sharing unpublished data.  
 
References 
Abel GJW, Springer F, Willmitzer L, Kossmann J (1996) Cloning and functional analysis 
of a cDNA encoding a novel 139 kDa starch synthase from potato (Solanum 
tuberosum L.). Plant J. 10: 981-991 
Blennow A, Engelsen SB, Munck L, Moller BL (2000) Starch molecular structure and 
phosphorylation investigated by a combined chromatographic and chemometric 
approach. Carbohydrate Polymers 41: 163-174 
Blennow A, Nielsen TH, Baunsgaard L, Mikkelsen R, Engelsen SB (2002) Starch 
phosphorylation: a new front line in starch research. Trends Plant Sci 7: 445-450 
Bradford MM (1976) A rapid and sensitive method for the quanitation of microgram 
quanitities of protein utilizing the principle of protein-dye binding. Analyt.Biochem. 
72: 248-254 
Cameron JW (1947) Chemico-genetic bases for the reserve carbohydrates in maize 
endosperm. Genetics 32: 459-485 
Cao H, Imparl-Radosevich J, Guan HP, Keeling PL, James MG, Myers AM (1999) 
Identification of the soluble starch synthase activities of maize endosperm. Plant 
Physiol. 119: 205-215 
Colleoni C, Myers AM, James MG (2003) One- and two-dimensional native PAGE activity 
gel analyses of maize endosperm proteins reveal functional interactions between 
specific starch metabolizing enzymes. J Appl Glycosci 50: 207-212 
Commuri PD, Keeling PL (2001) Chain-length specificities of maize starch synthase I 
enzyme: studies of glucan affinity and catalytic properties. Plant Journal 25: 475-486 
Craig J, Lloyd JR, Tomlinson K, Barber L, Edwards A, Wang TL, Martin C, Hedley 
CL, Smith AM (1998) Mutations in the gene encoding starch synthase II profoundly 
alter amylopectin structure in pea embryos. Plant Cell 10: 413-426 
 96 
Creech RG (1965) Genetic control of carbohydrate synthesis in maize endosperm. Genetics 
52: 1175-1186 
Dauvillee D, Colleoni C, Shaw E, Mouille G, D'Hulst C, Morell M, Samuel MS, Bouchet 
B, Gallant DJ, Sinskey A, Ball S (1999) Novel, starch-like polysaccharides are 
synthesized by an unbound form of granule-bound starch synthase in glycogen-
accumulating mutants of Chlamydomonas reinhardtii. Plant Physiol 119: 321-330 
Delrue B, Fontaine T, Routier F, Decq A, Wieruszeski JM, Van Den Koornhuyse N, 
Maddelein ML, Fournet B, Ball S (1992) Waxy Chlamydomonas reinhardtii: 
monocellular algal mutants defective in amylose biosynthesis and granule-bound 
starch synthase activity accumulate a structurally modified amylopectin. J Bacteriol 
174: 3612-3620 
Dinges JR, Colleoni C, James MG, Myers AM (2003) Mutational analysis of the 
pullulanase-type debranching enzyme in maize indicates multiple functions in starch 
metabolism. Plant Cell in press 
Dinges JR, Colleoni C, Myers AM, James MG (2001) Molecular structure of three 
mutations at the maize sugary1 locus and their allele-specific phenotypic effects. 
Plant Physiol. 125: 1406-1418 
Edwards A, Fulton DC, Hylton CM, Jobling SA, Gidley M, Rossner U, Martin C, Smith 
AM (1999) A combined reduction in activity of starch synthases II and III of potato 
has novel effects on the starch of tubers. Plant J 17: 251-261 
Ekman P, Jager O (1993) Quantification of subnanomolar amounts of phosphate bound 
seryl and theronyl residues in phosphoproteins using alkaline hydrolysis and 
malachite green. Anal Biochem 214: 138-141 
Fontaine T, Hulst CD, Maddelein M-L, Routier F, Pepin TM, Decq A, Wieruszeski J-
M, Delrue B, Van den Koornhuyse N, Bossu J-P, Fourner B, Ball S (1993) 
Toward an understanding of the biogenesis of the starch granule. J. Biol. Chem. 268: 
16223-16230 
Gao M, Wanat J, Stinard PS, James MG, Myers AM (1998) Characterization of dull1, a 
maize gene coding for a novel starch synthase. Plant Cell 10: 399-412 
James MG, Denyer K, Myers AM (2003) Starch synthesis in the cereal endosperm. Curr. 
Opin. Plant Biol. 6: 215-222 
Klösgen RB, Gierl A, Schwarz-Sommer Z, Saedler H (1986) Molecular analysis of the 
waxy locus of Zea mays. Mol. Gen. Genet. 203: 237-244 
Li Z, Mouille G, Kosar-Hashemi B, Rahman S, Clarke B, Gale KR, Appels R, Morell 
MK (2000) The structure and expression of the wheat starch synthase III gene. Motifs 
in the expressed gene define the lineage of the starch synthase III gene family. Plant 
Physiol 123: 613-624. 
Lloyd JR, Landschutze V, Kossmann J (1999) Simultaneous antisense inhibition of two 
starch-synthase isoforms in potato tubers leads to accumulation of grossly modified 
amylopectin. Biochem J 338: 515-521 
 97 
Mangelsdorf PC (1947) The inheritance of amylaceous sugary endosperm and its 
derivatives in maize. Genetics 32: 448-458 
Morell MK, Kosar-Hashemi B, Cmiel M, Samuel MS, Chandler P, Rahman S, Buleon 
A, Batey IL, Li Z (2003) Barley sex6 mutants lack starch synthase IIa activity and 
contain a starch with novel properties. Plant J 34: 173-185 
O'Shea MG, Samuel MS, Konik CM, Morell MK (1998) Fluorophore-assisted 
carbohydrate electrophoresis (FACE) of oligosaccharides: efficiency of labelling and 
high-resolution separation. Carbohydr Res 307: 1-12 
Preiss J, Boyer CD (1979) Evidence for independent genetic control of the multiple forms 
of maize endosperm branching enzymes and starch synthases. In JJ Marshall, ed, 
Mechanisms of polysaccharide polymerizaton and depolymerization. Academic 
Press, New York, pp 161-174 
Schwall GP, Safford R, Westcott RJ, Jeffcoat R, Tayal A, Shi YC, Gidley MJ, Jobling 
SA (2000) Production of very-high-amylose potato starch by inhibition of SBE A and 
B. Nat Biotechnol 18: 551-554. 
Sehnke PC, Chung HJ, Wu K, Ferl RJ (2001) Regulation of starch accumulation by 
granule-associated plant 14-3-3 proteins. Proc Natl Acad Sci U S A 98: 765-770. 
Shannon JC, Garwood DL (1984) Genetics and physiology of starch development. In EF 
Paschall, ed, Starch: Chemistry and Technology. Academic Press, Orlando, FL, pp 
25-86 
Shure M, Wessler S, Federoff N (1983) Molecular identification and isolation of the Waxy 
locus in maize. Cell 35: 225-233 
Singletary GW, Banisadr R, Keeling PL (1997) Influence of Gene Dosage on 
Carbohydrate Synthesis and Enzymatic Activities in Endosperm of Starch-Deficient 
Mutants of Maize. Plant Physiol 113: 293-304 
Umemoto T, Yano M, Satoh H, Shomura A, Nakamura Y (2002) Mapping of a gene 
responsible for the difference in amylopectin structure between japonica-type and 
indica-type rice varieties. Theor Appl Genet 104: 1-8 
Wang Y-J, White P, Pollak L, Jane J (1993) Amylopectin and intermediate materials in 
starches from mutant genotypes of the Oh43 inbred line. Cereal Chem. 70: 521-525 
Zeeman SC, Tiessen A, Pilling E, Kato KL, Donald AM, Smith AM (2002) Starch 
synthesis in Arabidopsis. Granule synthesis, composition, and structure. Plant Physiol 
129: 516-529 
Zhang X, Colleoni C, Ratushna V, Sirghie-Colleoni M, James MG, Myers AM (2004) 
Molecular characterization of the Zea mays gene sugary2, a determinant of starch 
structure and functionality. Plant Mol Biol 54: 865-879 
 
 
 
 
 98 
CHAPTER 4.  ANALYSIS OF THE RELATED ROLES OF STARCH SYNTHASE II 
AND STARCH SYNTHASE III IN AMYLOPECTIN BIOSYNTHESIS IN Arabidopsis 
LEAVES 
A paper to be submitted for publication in the journal The Plant Cell 
Xiaoli Zhang, Martha G. James, and Alan M. Myers1
Abstract 
Four distinct isoforms of starch synthase (SS) are conserved in plants, although their specific 
functions in amylopectin production are not well understood.  This study investigated the 
functions of SSII and SSIII in Arabidopsis leaves.  Null mutations were identified in AtSS2, 
which codes for SSII.  Single mutant Atss2- lines were analyzed along with an Atss2-, Atss3- 
double mutant lacking SSII and SSIII.  Atss2- mutations did not affect starch quantity, but 
caused increased amylose/amylopectin ratio and altered the amylopectin chain length 
distribution.  When SSII and SSIII were simultaneously eliminated strong synergistic effects 
were observed with regard to starch content, amylose/amylopectin ratio, and amylopectin 
chain length distribution.  The same chain lengths that were affected by Atss2- were also 
altered in the double mutant.  In all instances the double mutant chemotype was more 
extreme than would be predicted if each of the genes acted additively.  The chain lengths 
produced in vitro by SSI, SSII, or SSIII were determined using β-limit dextrin as substrate.  
These results agreed with the genetic data showing which chains are deficient when any of 
1Author for correspondence.   
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the SSs is eliminated.  The data reveal that SSII and SSIII have partially redundant functions 
in the production of intermediate length glucan chains, and that their roles in starch 
biosynthesis are distinct from that of SSI. 
Introduction 
A highly conserved feature of the starch biosynthetic system in diverse plant species is the 
presence of at least four distinct conserved classes of starch synthase (SS) (Ral et al., 2004 
and references therein).  SSs catalyze the transfer of a glucosyl unit from the nucleotide sugar 
donor ADPGlc to a growing glucan polymer chain through an α-(1→4) glycoside bond.  The 
same reaction, with similar enzymes, is used in almost all organisms in any kingdom to 
produce glycogen, however, typically only a single isoform of glycogen synthase is present.  
Only in the plant kingdom, for synthesis of granular starch as opposed to water-soluble 
glycogen, are multiple isoforms of glucan synthase conserved.  Thus, it is likely that specific 
functions of each of the SS isoforms are important for production of the particular 
architectural structure within the glucan polymer that allows formation of semi-crystalline 
starch granules.  Some functions of plant SSs are relatively well understood, however, for 
many of the isoforms their specific roles, and the functional relations to each other, remain to 
be determined. 
SSs function along with ADPGlc pyrophosphorylases, starch branching enzymes (SBE) 
and starch debranching enzymes (DBE) to produce starch granules (Myers et al., 2000; Ball 
and Morell, 2003; James et al., 2003; Tetlow et al., 2004).  These insoluble particles function 
as a central component of plant metabolism to store reduced carbon produced during 
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photosynthesis.  The granules contain two types of glucan homopolymer, amylose and 
amylopectin.  In amylose the glucose units are joined almost entirely by α-(1→4) glycoside 
bonds, and there may also be a small frequency of α-(1→6) glycoside bonds, referred to as 
branch linkages.  Amylopectin is larger than amylose, and contains a much higher frequency 
of branch linkages.  The specific distribution of α-(1→4)-linked glucan chain lengths, 
together with the clustered positioning of the branch linkages, provides a structure to 
amylopectin that allows crystallization and formation of insoluble granules (Hizukuri, 1989; 
Gallant, 1997).  In order to fully understand the starch biosynthetic mechanisms it will be 
necessary to learn how each of the biosynthetic enzymes functions to produce a polymer with 
a crystallization-competent architecture. 
The isoforms of SS identified so far in higher plants can be divided into five distinct 
classes based on similarities between their primary amino acid sequences.  The granule 
bound starch synthase isoform (GBSS) is located entirely within granules, whereas the others 
are at least partially soluble, specifically SSI, SSII, SSIII, and SSIV/V (Li et al., 2003 and 
references therein).  Genetic evidence indicates that GBSS, SSI, SSII and SSIII have specific 
functions that can not be completely compensated for by other isoforms.  For example, 
elimination of GBSS by mutation or antisense gene expression causes loss of the amylose 
component of starch granules without major effects on amylopectin (Shure et al., 1983; 
Klösgen et al., 1986).  Thus, it appears that GBSS is specifically involved in amylose 
biosynthesis and that none of the other SSs can provide this function.  Similarly, SSII 
function has been eliminated in many species and such mutations uniformly cause 
significantly increased frequency of short glucan chains within amylopectin with degree of 
polymerization (DP) 6 to DP11, and a decrease in the frequency of DP12 - DP25 chains 
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(Zhang et al., 2004 and references therein).  A possible explanation for these results is that 
SSII catalyzes formation of chains of DP12 - DP25, and that the other SS isoforms cannot 
fulfill this function. 
Mutational and antisense analyses have been applied to the investigation of SS function 
in many species including maize, rice, potato, barley, wheat, pea, Chlamydomonas, and 
Arabidopsis.  The Arabidopsis model system is useful for study of SS function, and starch 
biosynthesis in general, owing to genome-wide reverse genetic resources that can provide 
null mutations in all of the individual isoforms.  For example, recent publications have 
described the effects of eliminating either SSI (Delvallé et al., 2005) or SSIII (Zhang et al., 
2005) on Arabidopsis leaf starch.  The SSI mutation causes decreased frequency of DP6 – 
DP12 chains within amylopectin, whereas the SSIII mutation has relatively little effect on the 
abundance of chains less than DP50.  These data highlight the fact that all of the SSs have 
distinct roles in production of amylopectin. 
Comprehensive analysis of starch biosynthetic functions in Arabidopsis leaves is 
extended in this study by characterization of mutations in the gene coding for SSII, and by 
construction of a double mutant line that is completely deficient in both SSII and SSIII 
activity.  Loss of SSII in Arabidopsis has effects very similar to those observed in other 
species.  The results with the double mutant line indicate that SSII and SSIII have 
overlapping functions in the synthesis of glucan chains with certain chain lengths.  More 
specifically, although in an otherwise wild-type background SSIII is not needed to produce a 
normal population of DP12 – DP25 chains, when SSII is not present SSIII clearly has an 
important function in production of such chains.  The results indicate that a simple 
designation of SS function based on chain length is not the explanation for conservation of 
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multiple SS isoforms.  Based on these data, a stochastic model for the interaction of the 
soluble SS isoforms in formation of amylopectin is proposed. 
Results 
Identification Atss2- Null Mutations 
Previous publications have characterized mutations that eliminate the Arabidopsis SSI and 
SSIII proteins (Delvallé et al., 2005; Zhang et al., 2005), however, to date the effects of 
mutations in the SSII isoform have not been described in this species.  The genomic locus 
At3g01180 (hereafter referred to as AtSS2) codes for a protein that is highly similar in amino 
acid sequence to defined SSII proteins from rice, wheat, barley, pea, potato, and maize (Craig 
et al., 1998; Edwards et al., 1999; Yamamori et al., 2000; Umemoto et al., 2002; Morell et 
al., 2003; Zhang et al., 2004), and clearly falls into a conserved group of orthologous SSII 
genes that are distinct from any other SS (Li et al., 2000; Ral et al., 2004).  Comparison of 
the genomic sequence to the corresponding cDNA sequence (Genbank accession number 
NM_110984) revealed that AtSS2 is composed of eight exons and seven introns (Figure 
4.1A).  The 5’-untranslated region of the mRNA contains at least 168 nt upstream of the 
initiation codon.  The computational programs ChloroP and TargetP predict that the first 55 
amino acids of the polypeptide coded for by AtSS2 are likely to function as a chloroplast 
targeting peptide. 
A reverse genetic approach was applied to isolate Arabidopsis plants with T-DNA 
insertion mutations in the AtSS2 locus.  Two T-DNA insertion mutant lines, Salk_065639 
and Salk_102650, were obtained from the Salk collection.  The mutations in these two lines 
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were designated as Atss2-1 and Atss2-2, respectively.  PCR amplification of genomic DNA 
was used to identify homozygous mutant lines for each allele (data shown in detail at 
http://www.starchmetnet.org).  In each instance gene specific primer pairs flanking the 
approximate site of the T-DNA insertion identified the wild type allele, and one gene specific 
primer in combination with the T-DNA end primer LBa1 revealed the mutant allele.  The 
nucleotide sequences of the fragments amplified by one gene specific primer and LBa1 were 
determined in order to identify the exact insertion site.  These results showed that the T-DNA 
element in Atss2-1 is located in exon 2, and that in Atss2-2 is located in exon 8 (Figure 4.1A).  
Several successive generations of plants were genotyped by PCR analysis to confirm that 
each line was homozygous for either Atss2-1 or Atss2-2.  In both instances the T-DNA 
insertion is complex because LBa1 in combination with a gene specific primer from either 
side of the insertion yielded a PCR amplification fragment (data not shown). 
RT-PCR was used to determine whether the mutant alleles prevented normal mRNA 
accumulation.  For both Atss2-1 and Atss2-2 there was no RT-PCR signal when the primers 
flanked the known insertion site (Figure 4.1B), indicating that no normal transcripts are 
present.  Some abnormal transcripts, however, do accumulate from both mutant alleles.  RT-
PCR signal was detected when mRNA from an Atss2-1 plant was amplified using primers 
located in the downstream region of the gene (Figure 4.1B).  Similarly, amplification of an 
upstream region was detected from mRNA of an Atss2-2 plant (Figure 4.1B).  Based on our 
experience with many gene loci, and also anecdotal reports from several other labs, residual, 
abnormal mRNA sequences produced from regions distant from the T-DNA insertion site 
appear to be typical in mutant alleles of this type. 
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In the case of Atss2-1, immunoblot analysis was used to determine whether the mutation 
prevented accumulation of the protein product.  Total soluble leaf extracts were fractioned by 
anion exchange chromatography in order to partially purify SSII.  Proteins in selected 
chromatography fractions were separated by SDS-PAGE and probed with a monoclonal 
antibody, referred to as anti-AtSSII, elicited using full-length recombinant Arabidopsis SSII 
as the antigen.  Wild type extracts analyzed in this way revealed a signal at an apparent 
molecular mass of approximately 80 kDa, which matches the predicted molecular mass for 
mature SSII after removal of the putative plastid targeting peptide (Figure 4.1D).  This band 
was not detected in extracts from Atss2-1 homozygous mutant leaves (Figure 4.1D).  These 
results, together with the RT-PCR data, indicate that Atss2-1 is a null allele in the sense that 
no detectable SSII protein is present in the homozygous mutant plants.  Atss2-2 is also likely 
to be a null allele based on the demonstrated disruption of the mRNA structure. 
Construction of an Atss2-1, Atss3-1 Double Mutant and Analysis of Plant Growth 
Phenotypes 
A double mutant was generated in order to examine for possible synergistic effects of 
simultaneous elimination of both SSII and SSIII.  The particular alleles involved in the cross 
were Atss2-1 (Figure 4.1A) and Atss3-1 (Zhang et al., 2005).  Among the progeny of a 
double heterozygote, Atss2-1, Atss3-1 double homozygous lines were identified using PCR 
analysis to reveal each relevant allele.  Double mutants were observed at approximately the 
expected Mendelian ratio (shown in detail at http://www.starchmetnet.org).  One double 
homozygous mutant line was characterized by RT-PCR to confirm that the normal mRNA 
for both of the genes was absent.  The result revealed the same expression pattern for both  
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Figure 4.1. Gene Structure and Allele Verification.   
(A) AtSS2 gene map.  The scaled linear map depicts the 9 exons as black boxes and the 8 
introns as lines between the exons. The positions of translational start and stop codons in 
exons 1 and 9, respectively, are noted. The locations of specific primer sequences, as well as 
the locations of T-DNA insertions in the gene, are noted.   
(B)   Analysis of transcripts from two Atss2- mutant alleles.   Total RNA from leaves of wild 
type plants or the indicated mutants was amplified by RT-PCR using specific primer pairs 
(see panel A for primer location). 
(C) Analysis of transcripts from the Atss2-1, Atss3-1 double mutant. Analysis was as in panel 
B.   Primers used to amplify AtSS3 transcripts were described previously (Zhang et al., 2005), 
except for 3-EU1, which is located at the translational start site.  Primers 3-TU1 and 3-TL1 
surrounding the T-DNA insertion site in Atss3-1, is located near the 3’ end of the gene.  
Primers 3-EU1 and 3-LI amplify an upstream region of the AtSS3 transcripts. 
(D) Immunoblot analysis.  Total soluble protein from crude leaf extracts was separated by 
anion exchange chromatography, then selected fractions were separated by SDS-PAGE and 
blotted against anti-SSII antibody. 
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Figure 4.2. Plant Growth Phenotype. 
Plants were germinated in soil in a growth room under long day conditions, i.e., 16 h light/8 
h dark.  Small plants were then transferred to pots and grown in a growth chamber under 
short day conditions, i.e., 8 h light/16 h dark, for three weeks.   
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Atss2-1 and Atss3-1 as was seen in the relevant single mutant (Figure 4.1C) (Zhang et al., 
2005).  Specifically, there was no transcript accumulation in the region surrounding the T-
DNA insertion site, however, residual, abnormal transcript accumulated from the region of 
the gene downstream of the Atss2-1 T-DNA insertion and upstream of the Atss3-1 insertion 
site.  This particular double mutant line was used in all further analyses. 
Single and double mutant plants were compared to wild type with regard to seed 
germination rate, plant growth rate, flowering time, and silique formation.  When grown 
either under constant light or the standard 16 h light /8 h dark photoperiod, no significant 
differences were noted between wild type, Atss2- single mutants, Atss3- single mutants, or the 
Atss-1, Atss3-1 double mutant plants.  In contrast, when plants were grown under 8 h light/16 
h dark short day conditions a significantly reduced growth rate was observed for the Atss-1, 
Atss3-1 double mutant as compared to wild type or either single mutant line (Figure 4.2). 
Effects of Mutations on SS Activity and Other Starch Metabolizing Enzymes 
Two-dimensional zymograms were used to determine the effects of the SSII single mutations 
and the SSII/SSIII double mutation on specific SS activities.  Soluble leaf extracts were 
fractionated by anion exchange chromatography, and equal volumes of selected fractions 
were loaded onto non-denaturing PAGE gels containing 0.33% glycogen.  After 
electrophoresis, the gels were incubated in a buffer containing ADPGlc and glycogen, and 
then stained with I2/KI solution.  In these assays the glycogen in the background of the gel 
stains light brown, whereas bands that contain an active SS stain dark brown, presumably 
because the enzyme catalyzes formation of long exterior glucan chains on the glycogen 
substrate.  Two major SS activity bands were observed in zymogram analysis of wild type 
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leaf extract (Figure 4.3A).  Top band was previously identified as SSIII based on the facts 
that it is absent in plants bearing any of four different Atss3- alleles (Zhang et al., 2005) and 
data not shown) and that it co-migrates with a protein detected by an antibody raised against 
Arabidopsis SSIII (Zhang et al., 2005).  Lower fat band is known to result from SSI, because 
it is absent in Atss1- mutants (Delvallé et al., 2005).  The minor band visible below the fat 
band in Figure 4.3C appears intermittently in these assays and is also known to require a 
functional AtSS1 gene (data not shown).  The faint band visible in fractions 18 and 19 in 
Figure 4.3A and Figure 4.3B is not an SS activity because it appears even when ADPGlc is 
omitted from the incubation medium (Zhang et al., 2005). 
Band I was missing in the Atss2-1, Atss3-1 double mutant, as expected from the Atss3- 
single mutant results (Figure 4.3C).  No difference was observed in the SS activity pattern 
between Atss2-1 and wild type (Figure 4.3B).  The wild type banding pattern was also 
observed for Atss2-2 (data not shown).  The zymogram was performed on total soluble leaf 
extract, and again both Atss2- mutants exhibited the same pattern as wild type (data not 
shown).Therefore, SSII either is present in very low abundance in these extracts, or the 
zymogram assay is ineffective in detecting this particular isoform activity as compared to SSI 
or SSIII.   
Total soluble SS activity was measured in the various mutant strains by an in vitro assay 
using 14C-ADP-Glc as the substrate.  Total SS activity was not significantly decreased in 
either Atss2- mutant plants or the Atss-1, Atss3-1 double mutant as compared to that of wild 
type control lines (Table 4.1).  The Atss3-1 mutant analyzed in this study had slightly 
elevated total soluble SS activity than wild type (Table 4.1) in agreement with independent 
measurements reported previously (Zhang et al., 2005). 
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Table 4.1. SS Activity 
Genotype SS activitya
Wild type 212 ± 8.66 (4) 
Atss3-1 265 ± 18.6 (4) 
Atss2-1 237 ± 8.74 (4) 
Atss2-2 189 ± 9.04 (3) 
Atss2-1, Atss3-1 190 ± 8.78 (4) 
a Units are nmol glucose incorporated/g FW/min.  Values in parentheses 
indicate the numbers of independent biological replicates used to 
generate the mean and standard error values shown. 
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Figure 3.3. SS Activity Measurement by Two-Dimensional Zymogram.  Proteins in total 
soluble leaf extract were separated by anion exchange chromatography and samples of each 
fraction were then analyzed by SS activity zymogram.   
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Figure 4.4. Starch Metabolizing Activities Visualized by Two-Dimensional Zymograms.  
Proteins in total soluble leaf extracts were separated by anion exchange chromatography and 
then by native PAGE.  The proteins in these gels were transferred to a second polyacrylamide 
gel containing 0.3% potato starch.  Gels were then stained with I2/KI solution.  The portion 
of the zymogram containing likely isoamylase-type DBE activity and two distinct branching 
enzyme activities is shown. 
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Starch zymogram analysis was used to examine whether the mutations had any effect on 
detectable BE, DBE, or amylolytic activities.  In this assay the anion exchange column 
fractions were separated by non-denaturing PAGE, and then the gels were electro-blotted to a 
second polyacrylamide gel impregnated with 0.3% starch.  After incubation the gels were 
stained with I2/KI solution, so that colored bands above the dark background revealed the 
presence of starch modifying enzymes.  No differences in the banding pattern were observed 
between wild type, Atss3- mutants, Atss2- mutants, or the Atss2-1, Atss3-1 double mutant 
(Figure 4.4 and data not shown).  Thus, the mutations affecting SSII or SSIII have no 
secondary effects on other starch metabolizing enzymes, as far as can be detected by this 
assay method. 
Effects of Mutations on Glucan Content 
In order to investigate the effect of Atss2- mutations and Atss2-, Atss3- double mutation on the 
starch biosynthesis rate, starch content was quantified in leaves from plants harvested at 
specific times in the 16 h light/8 h dark diurnal cycle. Leaves were decolorized by boiling in 
ethanol and then stained with I2/KI solution.  In this assay there was no difference in the 
apparent starch content between wild type and Atss2- mutants, and the previously reported 
increase in staining intensity in the Atss3- mutants (Zhang et al., 2005) was again observed 
(data not shown).   Leaf starch content normalized to tissue wet weight was quantified at the 
end of the light phase in the 16 h light/8 h dark diurnal cycle.  These results confirmed that 
Atss2- mutations did not cause a significant change in leaf starch content (Table 4.2).  The 
results also confirmed that in these growth conditions Atss3- mutations caused a slight  
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Table 4.2. Carbohydrate Contenta
Genotype Starchb  WSPb Sucrosec Glucosec Fructosec
Wild type 5.54 ± 0.35 (6) 1.23 ± 0.07 (6) 0.250 ± 0.11 0.488 ± 0.01 0.194 ± 0.01 
Atss2-1 5.22 ± 0.37 (6) 1.42 ± 0.07 (6)  0.112 ± 0.02 0.395 ± 0.01 0.151 ± 0.01 
Atss2-2 6.16 ± 0.30 (6) 1.27 ± 0.08 (6) 0.142 ± 0.03 0.290 ± 0.01 0.106 ± 0.01 
Atss3-1 6.77 ± 0.24 (8) 1.19 ± 0.03 (8) 0.262 ± 0.04 0.411 ± 0.00 0.161 ± 0.02 
Atss2-1, Atss3-1 1.56 ± 0.07 (8) 0.62 ± 0.03 (8) 0.185 ± 0.01 0.457 ± 0.01 0.186 ± 0.01 
Leaves were harvested at the end of the day from plants growing under a 16 h light/8 h dark diurnal cycle. 
a Units are mg glucose equivalents/g FW. 
b Values in parentheses indicate the numbers of independent biological replicates used to generate the mean 
and standard error values show. 
c Water soluble extracts from leaves of six plants were pooled, and sucrose, glucose and fructose content 
were quantified in triplicate.  Values shown are the mean and standard error of the three measurements. 
 
increase in starch content (Table 4.2), in agreement with previously published results (Zhang 
et al., 2005).   
In contrast to the single mutants, the Atss2-1, Atss3-1 double mutant contained very low 
amounts of starch as detected by staining of leaves with iodine (Figure 4.5A).  Starch granule 
content was measured quantitatively in this line, along with water soluble polyglucan (WSP) 
and the simple sugars sucrose, glucose, and fructose.  These leaf samples were harvested at 
the end of the light phase of the 16 h light /8 h dark diurnal cycle.  The major decrease in 
starch content seen by leaf staining in the Atss2-1, Atss3-1 double mutant was also observed 
in this quantitative assay, with the mutant strain containing 28% as much starch as wild type 
(Table 4.2).  WSP was also decreased in the double mutant compared to wild type (Table 
4.2). 
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Figure 4.5.  Glucan Content Measurements. 
(A) Iodine staining.  Leaves were harvested at the end of the light phase from plants of the 
indicated genotype grown for several weeks in long day growth room conditions.  These 
leaves were then decolorized, stained with I2/KI solution, then destained briefly in water.   
(B) Starch quantification.  Starch was isolated from leaves of plants grown under long day 
growth room conditions, harvested at specific times in the 16 h light/8 h dark diurnal cycle.  
Granules were separated from water soluble polysaccharide by low speed centrifugation and 
the glucan content in the pellet was then quantified chemically.   
(C) WSP quantification.  The soluble phase of each leaf lysate analyzed in panel B was 
analyzed chemically for glucose polymer content.  Each point is the average of leaves from 6 
individual plants, with error bars shown for those points with the highest degree of standard 
error. 
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Thus, the total glucan polymer produced is much less in the double mutant than in wild type 
or either single mutant.  Despite this major decrease in polymer content, the simple sugar 
level was not significantly changed in the double mutant (Table 4.2).  WSP content was not 
changed in the Atss2- single mutants or the Atss3-1 mutant as compared to wild type (Table 
4.2). 
Starch content was quantified throughout the 16 h light/8 h dark diurnal cycle in the 
Atss2-1, Atss3-1 double mutant as compared to wild type.  The results indicated that granular 
starch content was very low in the double mutant throughout the entire cycle, in both the dark 
and light phases (Figure 4.5B), although a small amount of accumulation was noted at the 
end of the light phase.  WSP content was also quantified throughout the diurnal cycle, with 
the finding that it was slightly lower in the Atss2-1, Atss3-1 double mutant than in wild type 
at all time points (Figure 4.5B). Starch content in the Atss2-1 single mutant was also 
quantified throughout the diurnal cycle.  In this instance there were no major differences 
from the wild type values (data not shown). 
Effects of Mutations on Starch Structure and Composition 
Leaf starch was examined for compositional and structural changes that might result from 
Atss2- mutations and Atss2-, Atss3- double mutation.  Starch granules isolated from wild type, 
two Atss3- mutants, both Atss2- mutants, and Atss2-1, Atss3-1 double mutant leaves were 
examined by scanning electron microscopy (Figure 4.6).  As previously reported, starch 
granules of the Atss3-1 mutant have normal morphology (Zhang et al., 2005). Granules from 
Atss2-1and Atss2-2 are extremely distorted in shape and much bigger than those of the wild 
type control (Figure 4.6 and data not shown).  Starch granules in the Atss2-1, Atss3-1 double  
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Figure 4.6.  Starch Granule Morphology.  Purified starch granules from plant leaves of 
different genotype were coated with gold particles, visualized by scanning electron 
microscopy, and then photographed. Bar = 2µm. 
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Table 4.3. Leaf Starch Properties 
Genotype Amylose 
content (%)a
λmax of amylopectin (nm)b Phosphate contentc
Wild type 21.6 545 4.35 ± 0.43 
Atss3-1 20.7d 555 10.73 ± 0.03d
Atss2-1 33.7 565 3.01 ± 0.24 
Atss2-2 34.2 565 NA 
Atss2-1, Atss3-1 40.1 575 NA 
a Amylose content was determined by integrating the glucose equivalent values from the amylose and 
amylopectin fractions in chromatograms such as those shown in Figure 7.  Fractions 42 and lower were 
designated as amylopectin and fractions 43 and higher were designated as amylose. 
b The λmax value of the amylopectin peak fraction is shown. 
c Units are nmol phosphate groups/mg starch.  Starch was collected from leaves harvested at the end of 
the light phase from plants growing in a 16 h light/8 h dark diurnal cycle.   The data from two 
biological replications were used to calculate the mean value and standard error.  “NA” indicates data 
not available. 
d For the purpose of comparison these values are presented from a previous study (Zhang et al., 2005). 
 
mutant is also distorted in shape, similar to the Atss2- mutants.  The abnormality in the 
double mutant appears to be even more severe than the single mutant, with a broad range in 
granule size, both smaller and larger than wild type granules. 
The relative amounts of amylose and amylopectin were determined in the Atss2- and 
Atss3- single mutants and the Atss2-1, Atss3-1 double mutant, and compared to wild type. 
The polymers in starch granules from the various lines were separated by gel permeation 
chromatography (GPC) on a Sepharose CL-2B column. The Atss3-1 mutant showed no 
difference in amylose:amylopectin ratio compared to wild type (Table 4.3), confirming the 
previously published result (Zhang et al., 2005).  Both Atss2- mutations caused increased the 
apparent amylose content, to about 34% compared to the wild type value of approximately  
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Figure 4.7. Separation of Starch Polymers by Gel Permeation Chromatography.  
(A) Wild type and Atss2-1, analyzed using Sepharose CL-2B.  Purified granules from plants 
of the indicated genotypes were dissolved by boiling in DMSO, and the polymers present 
were separated by gel permeation chromatography.  Glucan polymer in each fraction was 
chemically quantified, and samples of each fraction were stained with I2/KI solution.  Visible 
spectra and the maximal absorbance wavelength were recorded.  The column size was 1.8 cm 
i.d. x 1 m height. 
(B) Wild type and Atss2-1, Atss3-1, analyzed using Sepharose CL-2B.  Analysis was as in 
panel A, except that the column size was 1.2 cm i.d. x 50 cm height. 
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21% (Figure 4.7A; Table 4.3).  The increase in amylose content is similar to the reported 
effect of SSII mutation on starch composition in other species (Craig et al., 1998; Edwards et 
al., 1999; Yamamori et al., 2000; Umemoto et al., 2002; Morell et al., 2003; Zhang et al., 
2004).  The double mutant showed an even greater increase in the amylose percentage, to a 
value of approximately 40% (Figure 4.7B; Table 4.3). 
Absorption spectra of glucan-iodine complexes indicated distinct amylopectin structures 
in the mutants as compared to wild type.  The maximum absorbance wavelength (λmax) for 
both Atss2- mutants was between 565 nm and 575 nm, whereas wild type amylopectin has 
λmax value between 550 nm and 560 nm (Figure 4.7A) (Table 4.3).  The value for 
amylopectin from the Atss2-1, Atss3-1 double mutant was from 560 nm to 590 nm (Figure 
4.7B, Table 4.3), indicating a structure different from either wild type or the Atss2-1 single 
mutant. 
The glucan chain length distribution in total leaf starch was also determined for wild type 
and the mutant lines, using fluorophore-assisted carbohydrate electrophoresis (FACE).  In 
this analysis, the linear glucan chains produced after complete hydrolysis of branch linkages 
by treatment with bacterial isoamylase were labeled at the reducing end, separated based on 
DP, and quantified by fluorescence spectroscopy.  The frequency of each individual chain 
length was calculated as a percentage of the total chains present between DP5 and DP55 
(Figure 4.8A).  To enable comparison between genotypes, the normalized wild type 
distribution value for each chain length was subtracted from the equivalent value for a 
particular mutant (Figure 4.8B).  A value above zero indicates an enrichment of that chain 
length in the mutant relative to wild type, whereas a negative value indicates relative 
depletion of the chains with that length. 
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Figure 4.8.  Starch Structural Analysis. 
(A) Starch chain length distributions.  The population distribution of chains of a given DP 
was normalized to the total number of chains in the DP range of 5-55. 
(B) Comparison of chain length distributions.  For each given DP, the distribution value for 
wild was subtracted from that of the indicated mutant strain. 
(C) Pleiotropic effect plot.  The predicted sum of the Atss2-1 and Atss3-1 effects in single 
mutants (solid line) is compared to the observed result for the double mutant (dotted line). 
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The difference plots for Atss2-1 and Atss2-2 were very similar, showing a significant 
enrichment in chains from DP5 to DP10 and depletion in chains from DP12 to DP28 (Figure 
4.8B).  In a previous report the Atss3-1 and Atss3-2 mutations were shown to have very small 
changes in these chain length ranges (Zhang et al., 2005) (Figure 4.8B).  The double mutant 
shows enrichment and depletion in the same chain length regions as the Atss2- single 
mutants, but the degree of the change was extreme (Figure 4.8B).  In the most extreme case, 
DP8 chains represented 2.2% of the normalized total in wild type or the Atss3-1 mutant, 
5.6% in either of the Atss2- mutants, and approximately 14% in the Atss2-1, Atss3-1 double 
mutant (Figure 4.8A and data not shown).  A significant finding of this study is that the 
Atss2-, Atss3- double mutant profile was qualitatively very different from the sum of the 
patterns of the Atss2- and Atss3- single mutants (Figure 4.8C).  
The phosphate content of starch is known to be influenced by SS mutations, either 
positively or negatively depending on the affected isoform (Abel et al., 1996; Lloyd et al., 
1999; Zhang et al., 2005).  To extend this analysis the phosphoryl group frequency in Atss2-1 
mutant starch was quantified, with the result that phosphate content was decreased by 
approximately 30% compared to wild type (Table 4.3).  This result is in contrast to the effect 
of Atss3- mutations, which is to significantly increase the phosphate content (Zhang et al., 
2005). 
Characterization of SSI, SSII, and SSIII Linear Glucan Products 
The Arabidopsis SSI, SSII, and SSIII enzymes were characterized with regard to the chain 
length distribution of their products after they had acted upon a β-limit dextrin in vitro.  SS  
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Figure 4.9.  SS Product Assay.   
(A) Product visualization.  SS activity zymograms were performed in gels impregnated with 
0.3% β-limit dextrin.  Either purified recombinant SSII or SSIII, or total soluble leaf extract 
from wild type leaves, was loaded onto the gels.  Bands that were sliced and eluted for 
product analysis are indicated.   
(B) Product analysis.  Glucans eluted from the SS activity bands shown in panel A were 
analyzed for chain length distribution by FACE.  Difference plots are shown in which for 
each DP the β-limit dextrin background value was subtracted from the corresponding value. 
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zymograms were performed using leaf extract or recombinant proteins in gels containing 
0.4% β-limit dextrin as the SS substrate (Figure 4.9A).  SS activity bands were excised from 
the gel, along with a blank band from the background region containing unmodified β-limit 
dextrin.  Glucans were extracted from the gel slices, then chain lengths distributions were 
determined by standard FACE analysis with normalization to the total number of chains from 
DP5 to DP45.  Difference plots in which the frequency for each DP value in the background 
β-limit dextrin was subtracted from the corresponding value for each SS band reveal the 
individual chain length products of each SS isoform (Figure 4.9B). 
The glucan in the SSI band showed a significant increase in chains of DP5 to DP9, which 
suggests that the maltosyl and maltotriosyl chains present in the β-limit dextrin were 
elongated by 3 to 6 glucosyl units and then the activity of the enzyme ceased.  SSII and SIII 
showed a product profile distinct from SSI and similar to each other.  Recombinant SSII, 
both native and recombinant SSIII, produced chains in the range of approximately DP16 to 
DP28.  The substrates that are elongated by SSII and SSIII could be chains in the range of 
DP6-10, which are decreased after modification by the SS, and/or the maltosyl and 
maltotriosyl chains present in high abundance in β-limit dextrin.  The apparent decrease in 
frequency of chains greater than DP30 presumably results from a change in the normalization 
standard when maltosyl and maltotriosyl chains are elongated to lengths greater than DP5 
and thus become included in the FACE analysis.   In summary, SSII and SSIII behaved 
similarly to each other in this assay and were distinct from SSI.  SSII and SSIII both appear 
to produce glucan chains that are longer than those made by SSI. 
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Discussion 
Atss2- Single Mutation 
As part of genome-wide analysis of starch metabolic functions in Arabidopsis 
(www.starchmetnet.org) this study determined the effects of eliminating SSII, or SSII and 
SSIII together, on starch metabolism.  Two Atss2- alleles were both shown to be null 
mutations based on lack of intact transcript, and in the case of Atss2-1 a complete absence of 
SSII protein was demonstrated by immunoblot analysis.  Similar phenotypic effects on starch 
biosynthesis were observed in lines containing either of the two independent mutations, 
which is strong evidence that the Atss2- allele, as opposed to an unidentified second mutation 
in the genetic background, is responsible for the phenotype. 
The effects of eliminating SSII in Arabidopsis leaves closely resembled the phenotype 
caused by SSII deficiency in other plant species including maize, barley, wheat, potato, rice, 
and pea (Craig et al., 1998; Edwards et al., 1999; Yamamori et al., 2000; Umemoto et al., 
2002; Morell et al., 2003; Zhang et al., 2004).  In all these species SSII mutation causes 
increased amylose percentage in starch granules and changes amylopectin structure such that 
the frequency of linear glucan chains of DP6 - DP10 is significantly increased while the 
abundance of DP12 - DP28 chains is decreased.  Arabidopsis, like most of the other plant 
species, exhibit distorted granule morphology when SSII is inactive. 
From these observations it is clear that the function of SSII is highly conserved among 
plants.  The current study indicates that this function also applies to transient starch in leaves, 
in addition to storage starch in the other species analyzed previously.  This conservation 
applies regardless of the abundance of SSII activity in the soluble phase of each tissue 
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examined.  For example, in peas SSII represents up to 60-70% of the total soluble SSII 
activity, whereas in this study SSII was undetectable in Arabidopsis leaves.  A possible 
explanation for this apparent discrepancy may be that the portion of SSII that is present 
within granules is the determining factor in amylopectin structure, as opposed to that in the 
soluble fraction.  This parameter has not been tested in Arabidopsis leaves, however, in all 
storage starches examined SSII has been observed to partition to some extent within the 
insoluble granules (Dry et al., 1992; Denyer et al., 1993; Edwards et al., 1995; Craig et al., 
1998; Li et al., 1999; Morell et al., 2003; Zhang et al., 2004).  Another possible explanation 
is that the in vitro measurement of SSII activity does not accurately reflect the enzyme’s 
activity in vivo owing to an unidentified effect of the assay conditions employed. 
Analysis of leaf starch offered an advantage in observing the effects of SSII on total 
starch levels, because during the diurnal cycle the starch content is reduced to near zero at the 
end of the dark phase.  Thus, the starch that accumulates during the light phase is synthesized 
nearly entirely over the previous 16 hours in the light regime used in this study.  This is in 
contrast to storage starch that accumulates over a period of weeks.  The observed result is 
that SSII mutation did not cause a major change in the starch levels at the end of the day, 
indicating that despite the significant change both in amylopectin structure and 
amylopectin/amylose ratio the overall rate of starch accumulation is not decreased by loss of 
SSII.  
Atss2-, Atss3- Double Mutation 
The second phase of the study characterized the effects of simultaneously eliminating both 
SSII and SSIII.  Previous analysis of Atss3- single mutants (Zhang et al., 2005) showed no 
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change in amylose content or granule morphology, and only minor changes in amylopectin 
chain length distribution on a much smaller scale than were observed here for Atss2- 
mutation.  Accordingly, if SSII and SSIII act independently then the expected amylopectin 
structure in the double mutant would be the nearly same as that of the Atss2- single mutants.  
To the contrary, the result was that the starch chemotype of the double mutant was very 
different than that of either single mutant.  This genetic synergism indicates that SSII and 
SSIII are both capable of providing the same function in amylopectin assembly. 
Synergism was obvious with regard to amylopectin chain length distribution.  The chain 
length range affected in the double mutant is the same as in the Atss2- single mutants, i.e., 
increased abundance of DP5 - DP10 and decreased DP12 - DP28 frequency.  The magnitude 
of the difference, however, is far greater in the double mutant than in Atss2- or Atss3- single 
mutants.  In fact, the glucan structure of the double mutant is highly abnormal and resembles 
glycogen more than it does amylopectin.  Synergism is also evident in the starch content, 
which is reduced in the double mutant by more than 70% at the end of the day.  This 
compares to no reduction in content owing to the SSII deficiency, and an increase in the 
starch content conditioned by SSIII mutation in the growth environment used in this study. 
The reduced starch condition of the double mutant can be compared to starchless 
mutants, such as those deficient in plastidial phosphoglucomutase (PGM) (Caspar, 1985).  In 
both instances, there were no obvious growth rate defects when plants were grown in 
constant light (data not shown) or in a long day photoperiod.  In a short day photoperiod, 
however, both the Atss2-1, Atss3-1 double mutant and the PGM mutant grew significantly 
more slowly than did wild type.  The SS-deficient strain differed from the starchless mutant 
in the amount of soluble sugars that accumulated.  In the PGM-deficient strain there was a 
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high level of soluble sugar, whereas no significant increase in sucrose, fructose, or glucose 
was observed in the Atss2-1, Atss3-1 double mutant.  Furthermore, amylopectin was not 
replaced in the double mutant by soluble glucan polymer such as phytoglycogen.  The reason 
that less carbohydrate accumulates in double mutant leaves is not clear.  We speculate that 
the metabolic block caused by simultaneous loss of SSII and SSIII is incomplete because 
some degree of starch biosynthesis continues, compared to the complete loss of starch in the 
PGM-deficient strain.  In the Atss2-1, Atss3-1 double mutant the excess hexose phosphate, 
sucrose, or other sugars may be at such a level that it can be effectively reduced by transport 
to other plant tissues.  In mutants completely deficient in starch biosynthesis the absolute 
metabolic block may lead to higher sugar levels that cannot be accommodated by the 
transport systems. 
Synergistic effects of reduction in SSII and SSIII were observed previously in antisense 
potato plants.  In this instance, the specific chain lengths that were increased in frequency 
differed in the SSII antisense line compared to the SSII/SSIII double antisense plants, but the 
magnitude of the frequency increase was the same in both the SSII and SSII/SSIII depletion 
lines (Edwards et al., 1999).  This is in contrast to the current study, in which the same chain 
lengths were affected to a much greater quantitative extent in the Atss2- single mutants and 
the Atss2-1, Atss3-1 double mutant.  Also, in potato the addition of SSIII depletion to the 
SSII antisense line had relatively little effect on the magnitude of the decrease in DP15 – 
DP28 chains.  In Arabidopsis addition of the SSIII mutation had a major effect on the extent 
of the deficiency in these same chains compared to what was observed in the SSII mutants.  
In summary, the Arabidopsis and potato results are similar in the regard that in both instances 
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synergistic effects were observed when both SSII and SSIII were inactivated, but the nature 
of the synergism was qualitatively and quantitatively much different in the two species. 
A Model for SS Function in Arabidopsis Leaves 
Two main genetic observations must be explained by any hypothesis for concerted SS 
function in biosynthesis of crystalline lamellae within amylopectin.  First, when SSI is absent 
there is a shift to longer chains lengths, particularly reduction in DP5 - DP10, and increase in 
DP12 - DP28 (Delvallé et al., 2005).  Second, as shown here SSII and SSIII overlap in a 
function that is required for normal accumulation of chains in the length range DP12 - DP28.  
We propose that the propensity of each SS to add one glucose unit to a growing chain varies 
as a function of DP, and that for each isoform the nature of this probability function is 
distinct.  The collection of enzymes with different probabilities for addition to any given 
chain length, together with stochastic competition between the isoforms for access to 
potential substrates, is proposed to account for the normal chain length distribution in wild 
type amylopectin. 
SSI is proposed to have a comparatively low probability of adding to any chain greater in 
length than DP10 (Figure 4.10).  This is supported both by the analysis of SSI product 
lengths in this study (Figure 4.9) and the known biochemical properties of this isoform 
measured in vitro (Commuri and Keeling, 2001).  Thus, when SSI is the only soluble isoform 
present there is no SS activity available to efficiently produce the intermediate chains of 
approximately DP20 or greater.  This property of SSI would account for the highly abnormal 
structure observed in the Atss2-1, Atss3-1 double mutant (Figure 4.8A). 
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The various soluble SS isoforms are proposed to compete with each other for binding to 
each linear chain that is a potential substrate for addition of a glucose unit.  In order to 
explain the fact that in Atss1- mutants there are more chains in the intermediate length region  
 
 
 
 
 
 
 
Figure 4.10.  Model for SSI, SSII, and SSIII activities in determining amylopectin chain 
length distribution in Arabidopsis leaves.  Each SS isoform is proposed to have a certain 
probability (P) of adding one glucose unit to a chain of a given DP.  For SSI this probability 
is proposed to decrease sharply in the region of approximately DP10, so that it is unable to 
efficiently produce intermediate chains of DP12 to DP28.  SSII is proposed to be able to add 
to chains throughout the length range of DP5 to DP25, but to be inhibited to some extent by 
competition with SSI for binding to chains of DP10 or less.  SSIII is proposed to overlap with 
SSII in its propensity for adding to small chains, but to compete less efficiently with SSI for 
binding to chains of DP10 or less.  These factors taken together can account for the observed 
effects of mutating AtSS1, AtSS2, AtSS3, or AtSS1 and AtSS3 together. 
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of DP13 - DP20 (Delvallé et al., 2005), the SSI isoform is proposed to compete effectively 
with SSII or SSIII for such binding.  SSII is proposed to efficiently add glucose units to 
chains in the region of DP10 - DP25 (Figure 4.10).  In the absence of SSI, access of SSII to 
substrate chains would be increased, so that the frequency of the intermediate length chains 
would rise compared to the wild type condition in which SSI to some extent prevents SSII 
action.  In this view, SSI may bind to the shorter chains of approximately DP10 but have a 
low probability of catalytic activity, thus acting as a negative regulator of SSII by means of 
steric interference.  The known sharply increasing affinity of SSI for glucan chains as their 
size increases beyond DP13 (Commuri and Keeling, 2001) is consistent with this suggestion.  
The balance between short chains of DP5 - DP10 and intermediate chains of DP12 - DP28 
would be determined by the relative abundance of the two enzymes, their affinities for glucan 
chains as a function of DP, and their catalytic efficiencies after binding to substrate, again as 
a function of DP. 
SSIII is proposed to partially overlap with SSII with regard to the DP region suitable for 
catalysis, but not with that of SSI (Figure 4.10).  In the absence of SSII, SSIII would still be 
available to produce chains in the intermediate length region, and to compete with SSI for 
binding to potential substrates.  SSIII is proposed to compete with SSI less effectively than 
does SSII, in order to explain the reduction in intermediate length chains of DP12 - DP20 in 
the Atss2- mutants.  The fact that the SSIII mutation alone has only a minor effect on 
amylopectin chains shorter than DP40 could be explained by a competitive advantage of SSII 
over SSIII for binding to short glucan chains.  Accordingly, SSIII would not be involved to a 
great extent in intermediate chain length production in the wild type condition, but could 
provide that function in the absence of SSII. 
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The last component of the hypothesis is that incorporation of a chain into a crystalline 
lamella could occur at any time during the biosynthetic process.  Thus, during the times that 
any chain is not bound by a SS, that chain could associate with others and take on a 
crystalline form.  In this event the chain would no longer be a substrate, and would be 
removed from the equilibrium reaction.  Various SSs, therefore, could contribute to the 
synthesis of any chain in mature amylopectin, and most mature chains would in fact be the 
products of multiple SSs.  The affinities of SSs for each chain length would affect the 
competition between crystallization and cessation of chain growth versus continued addition 
to that particular chain. 
In this model, the proposal for competition between the different SS isoforms for binding 
to a given potential substrate, and the competition between crystallization and continued 
chain growth, implies a distributive mechanism in which the enzyme dissociates from its 
substrate after each catalytic event.  Such a mechanism has been demonstrated in vitro for 
pea embryo SSII either in  its granule bound form (Denyer et al., 1999a) or as a soluble 
recombinant enzyme (Denyer et al., 1999b), and this is consistent with the stochastic features 
of the hypothesis.  Data regarding a distributive as opposed to a processive mechanism, 
however, are not yet available for SSI or SSIII.  Presuming a distributive mechanism of 
soluble SS action also presupposes that glucan chains within amylopectin are elongated at the 
non-reducing end.  This is in contrast to reducing end addition, which has been proposed 
recently as a processive mechanism for SS activity (Mukerjea and Robyt, 2005a, 2005b). 
Another presumption of the hypothesis is that chain length distributions are determined 
by SSs and not directly by SBEs.  In this view SBE activity, which cleaves one linear chain 
to create a branch linkage on another, provides relative short glucans that are further acted 
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upon by a SS.  The alternative is that chains cleaved by a SBE are incorporated without 
further modification into crystalline lamellae within amylopectin, so that SBE activity would 
be a direct determinant of the chain length distribution.  For simplicity this possibility is not 
considered in the hypothesis made here, however, the actual mechanism for amylopectin 
biosynthesis may well require both SSs and SBEs to produce the normal chain length 
distribution. 
Methods 
Plant Materials 
Wild-type Arabidopsis thaliana of the ecotype Columbia (Col-0) and Atss2- mutant lines in 
the same genetic background were sown in Sunshine Soil mix.  Sown seeds were incubated 
at 4°C for 2-3 days then grown either in a growth room under a 16-h light/8-h dark 
photoperiod at 21°C and 60% relative humidity, or in a growth chamber under a 8-h light/16-
h dark photoperiod and the same temperature and relative humidity.   
Two Atss2- mutant lines were identified among the Salk collection of lines that contain 
random T-DNA insertions.  Standard methods were used for isolation of genomic DNA from 
leaf tissue, and PCR amplification.  PCR primers used to identify the mutant alleles were 
derived from the T-DNA left border (LBa1: TGG TTC ACG TAG TGG GCC ATC G) and 
from the Atss2 gene sequence (SS2-RP1, GCT ACC AAT ATC ACA TTC ATG AC; SS2-
LP1, CTT ACC ATG ATT TGC CTT CTG; SS2-LP2, CCT CTT CTC TGA AGC CCT TCC 
C; SS2-RP2, AGT GGT GGA AAA TTA GGG GCG) (Figure 4.1A).  Nucleotide sequence 
analysis of PCR products generated by LBa1 together with a gene specific primer (SS2-RP1 
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or SS2-LP2) confirmed the locations of the T-DNA insertion sites for both alleles, termed 
Atss2-1 and Atss2-2.  
The double mutant Atss2-1, Atss3-1 was generated by crossing homozygous Atss2-1 and 
Atss3-1 (Zhang et al., 2005) homozygous single mutant lines, then allowing the double 
heterozygous F1 plants to self pollinate.  Genomic DNA from segregates was screened by 
PCR to reveal the presence of each insertion allele.  The primer pair used to identify Atss2-1 
was LBa1/SS2-RP1, whereas the SS2-RP1/SS2-LP1 combination identified the wild type 
allele.  Primer combinations for identification of Atss3-1 and the wild type Atss3 allele were 
LBa1/SS3-TU1 and SS3-TU1/SS3-TL1, respectively (Zhang et al., 2005).  One double 
homozygous line identified in the F2 generation was propagated for several more 
generations, and PCR genotyping throughout this process invariably revealed all individuals 
in the lineage to be doubly homozygous mutant.   
RT-PCR 
Total RNA was isolated from about 100 mg of fresh leaf tissue from leaves harvested 
approximately 20 days after germination using the RNeasy Plant Mini Kit (Qiagen). Total 
RNA was treated with RNase-free DNase (Promega) (1 U, 30 min, 37ºC) to remove any 
contaminating genomic DNA in the samples. A commercial enzyme kit (Invitrogen 
Superscript III) was used to synthesize cDNA.  The positions of the gene specific primers 
used to amplify specific regions of the Atss2 or Atss3 mRNA are shown in Figure 1.  These 
were the same primers described in the previous section or a previous publication (Zhang et 
al., 2005) that were used to identify the insertion mutations in Atss2 or Atss3, respectively. 
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Expression of Recombinant SSII in E. coli and Monoclonal Antibody Production 
Cloned, full length SSII cDNA was obtained from Riken (resource number: pda04163). 
The coding region of the SSII cDNA, minus the 120 nucleotide sequence at the 5’ end coding 
for a predicted transit peptide, was cloned into pDONR201 using Gateway cloning 
technology (Invitrogen) to generate plasmid pESS2.  The native stop codon of the SSII 
cDNA was included in the cloned region.  The SSII cDNA sequence was then transferred by 
in vivo recombination to the expression vector pDEST15 to create expression plasmid 
pDSS2.  In pDSS2, the SSII coding region is fused at its 5’ end to a sequence coding for 
glutathione-S-transferase (GST).  SSII was expressed from pDSS2 in E.coli BL-21 AI cells 
(Invitrogen).  The fusion gene was induced by addition of 0.2% arabinose and induced cells 
were grown at room temperature for approximately 6 h.  The SSII fusion protein was purified 
from E. coli lysates by binding to glutathione-agarose (Sigma) on a GST affinity column.   
Monoclonal antibody against this full length SSII-GST recombinant protein was generated as 
described previously (Zhang et al., 2005).  The hybridoma culture fluid containing SSII 
antibody (α-AtSSII) was used undiluted for immunoblot analysis. 
Fractionation of Leaf Proteins and SS Activity Analysis 
Leaf extracts were prepared and fractionated by anion exchange on HiTrapQ (Pharmacia) 
as described previously (Zhang et al., 2005).  Proteins from selected fractions were analyzed 
by immunoblot using α-AtSSII monoclonal antibody.  Fractions or whole leaf extracts were 
also analyzed by starch synthase zymogram (Zhang et al., 2005) or by native starch  
zymogram (Dinges et al., 2001), as described previously. 
Total soluble starch synthase activity in leaf extracts was assayed essentially as described 
previously (Cao et al., 1999).  Fresh leaves (200 mg) were ground into fine powder in liquid 
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nitrogen and suspended in 400 μL Extraction Buffer (50 mM Tris-acetate, pH 7.5, 10 mM 
DTT).  After centrifugation to remove insoluble materials, protein concentration was 
determined by the Bradford method, and the starch synthase activity assay was then 
conducted with different quantities of protein.  Control experiments demonstrated that the 
amount of 14C from 14C-ADP-Glc incorporated into methanol–precipitable product is linear 
with respect to the amount of protein in the assay (data not shown).  
Analysis of Starch Quantity and Structure 
The methods used for analysis of starch content in leaves, amylopectin chain length 
distribution, granule morphology, starch phosphate content, and separation of amylose and 
amylopectin by gel permeation chromatography on Sepharose CL-2B have all been described 
previously (Dinges et al., 2001).  Two different sizes of Sepharose CL-2B column were used, 
either 1.2 cm i.d. x 50 cm height, or 1.8 cm i.d. x 1 m height.  In order to measure both WSP 
and insoluble glucans, i.e., starch, in the same leaf extracts, the ground leaf material 
suspended in 1 ml of water were centrifuged at full speed in a microfuge for 10 min, and the 
supernatant and pellet were both collected.  The pellet was washed twice with 1 ml of 80% 
ethanol, then suspended in 1 ml of distilled water. Standard glucan quantification was then 
applied to both the pellet and soluble fractions.  To quantify sucrose, D-fructose, and D-
glucose, the pooled aqueous supernatant from six plants were quantified in triplicate with a 
Sucrose/D-Glucose/D-Fructose assay kit (Catalog No. 10 716 260 035; R-Biopharm AG, 
Darmstadt, Germany).  The starch granule glucans separated by GPC were characterized by 
staining the column fractions with ½ volume of I2/KI solution, obtaining a visible spectrum 
from 400 nm to 700 nm and then recording the λmax value.  
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Characterization of SS Products 
SS products were characterized by determining the chain length distribution of 
polyglucans eluted from SS bands in zymograms impregnated with β-limit dextrin.  
Recombinant SSII or SSIII (100 µg), or 100 µg of crude leaf extract from wild type 
Arabidopsis plants were separated on native PAGE containing 0.4% maize β-limit dextrin 
(Megazyme, Lot No. 80901).  The gels were then incubated in the standard SS zymogram 
reaction buffer and stained with I2/KI solution.  The SSI, SSII, and SSIII activity bands were 
excised and 100 mg of gel slice was homogenized with a plastic pestle in 1 ml of distilled 
water.  A region of the gel lacking any SS band was treated identically. The homogenates 
were centrifuged at full speed in a microfuge for 2 min at 4ºC to collect the pellet of 
acrylamide and the glucans contained within.  Water was added to the pellets (185 µl; total 
volume about 285 µl), then 15 µl of 5 N NaOH was added to the mixture to dissolve the 
acrylamide gel. The homogenate was boiled for 5 min and cooled to room temperature, then 
9.6 µl of 100% acetic acid, 100 µl of 500 mM Na-acetate buffer, pH 4.4, 1090 µl of H2O, and 
6 µl of Pseudomonas isoamylase (Megazyme, Lot no. 20201) were added.  Polyglucans were 
debranched during incubation at 42ºC for about 20 hrs.  The mixture was boiled for 10 min, 
then centrifuged at full speed in a microfuge for 10 min, and the supernatant containing linear 
glucans was collected.  The chain length distribution of these glucans was then determined 
using FACE (O'Shea et al., 1998; Dinges et al., 2003). 
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CHAPTER 5. SUMMARY AND GENERAL CONCLUSIONS 
Summary of results 
The overall objective of this dissertation was to increase our understanding of the 
molecular mechanisms of starch biosynthesis.  Specifically, the research sought to define 
specific functions for some of the five classes of starch synthase isoform that have been 
identified in higher plants.  Toward this end, the following objectives were achieved. 
1) The full-length nucleotide sequence of the maize genomic locus that codes for 
SSIIa was determined. Prior to this study, the cDNA of SSIIa was cloned by Harn 
et al. (1998), however, the full length genomic DNA was not identified. Through 
this study, the full length SSIIa genomic DNA was cloned. The length of this gene 
is 4578 bp, containing 10 exons and 9 introns (Chapter 2). 
2) The full-length nucleotide sequence of the maize genomic locus that codes for 
SSIII was determined.  Similar to the SSIIa, the cDNA of SSIII had been cloned 
previously (Gao et al., 1998), but the sequence of the gene that codes for SSIII was 
not known.  In this study, the full length genomic DNA of the Du1 gene, which 
codes for SSIII, was determined. Du1 contains 11,622 bp and comprises 17 exons 
and 16 introns (Appendix). 
3) The position of the Mu transposable element insertion of five independent du1- 
mutant alleles were identified (Appendix).  
4) The maize gene locus su2 was shown to code for SSIIa based on a series of genetic 
and molecular characterizations (Chapter 2). 
5) SSIIa was eliminated genetically from developing maize endosperm, and the 
effects of this deficiency on starch content, composition, and structure were 
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determined. The main finding of this study was that SSIIa mutation causes 
increased short linear chains of DP5-11 and decreased intermediate chains of 
DP12-25 in amylopectin structure (Chapter 2).  
6) Two mutant alleles in the Arabidopsis gene coding for SSII were identified. The 
Atss2- alleles were shown to be null mutations because they have abnormal 
transcripts and no SSII protein accumulation (Chapter 4). 
7) Two mutant alleles in the SSIII gene of Arabidopsis were identified. Similar to the 
SSII mutations, the Atss3- alleles were shown to be null mutations based on 
abnormal transcripts, loss of SSIII protein, and loss of SSIII enzyme activity 
(Chapter 3). 
8) A double mutant Arabidopsis line lacking both SSII and SSIII was generated 
(Chapter 4). 
9) The effects of eliminating SSII in Arabidopsis leaves were analyzed. SSII mutation 
has no effects on starch content; however, the mutations cause severely distorted 
starch granule morphology and significantly modified amylopectin structure.  
Specifically, the amylopectin has increased short linear chains of DP5-10 and 
reduced abundance of intermediate chains of DP12-28 (Chapter 4).  This 
phenotype is very similar to the effects of maize SSIIa mutation found in this 
study. 
10) The effects of eliminating SSIII in Arabidopsis leaves were determined. SSIII 
mutation has no effects on starch granule morphology and causes only minor 
changes in the presumed crystalline regions of starch structure. The unexpected 
result of this analysis is that SSIII mutation cause increased starch synthesis rate 
 143 
during the light phase of a diurnal cycle.  This indicates that SSIII, despite its clear 
function as a starch biosynthetic enzyme, might also have a negative regulatory 
role during starch synthesis (Chapter 3). 
11) The effects of eliminating both SSII and SSIII were analyzed in Arabidopsis.  
Detailed molecular and biochemical characterization of the Atss2-1, Atss3-1 
double mutant line demonstrated that SSII and SSIII have synergistic effects on 
starch biosynthesis in many aspects, including starch content, starch structure, 
starch composition, and starch morphology, instead of working independently 
(Chapter 4).  
General conclusions 
Although SSII has been extensively studied in storage starch synthesis in different 
species, this study was the first time that SSII function was described in leaves, where 
transient starch is synthesized. Together with the analysis of SSIIa function in maize 
endosperm, the results show that SSII has similar effects on the structure of amylopectin 
components of both storage starch and transient starch.  The data also add to the body of 
work showing that SSII function is highly conserved across plant species.  A clear conclusion 
is that SSII function is required for the production of intermediate chains of approximately 
DP 12-28 in amylopectin structure.  
Similarly, this dissertation was the first time that SSIII function was studied during 
transient starch synthesis.   Since SSIII function varies in different species studied so far, it is 
hard to compare its function in Arabidopsis leaves to that of other species. The main finding 
of this study is that SSIII mutation in Arabidopsis leaves conditions an starch excess 
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phenotype either in a short day condition (i.e., 12 h light/12 h dark) or in a long day condition 
(i.e., 16 h light/8 h dark).  This indicates that SSIII might have a negative regulatory role on 
other starch biosynthesis enzymes either by direct inhibition on starch synthesis enzymes, 
especially SSs or BEs, or by redirecting the activity of other enzymes. Another explanation 
of this observation is that the changed starch structure after SSIII mutation might provide a 
better substrate for starch biosynthesis, thus increasing the starch content.  Understanding 
mechanism by which SSIII controls starch content will require further study.  
Another novel contribution of this dissertation was that the elimination of both SSII and 
SSIII in Arabidopsis was characterized.  Similar studies were reported in potato tubers 
(Edwards et al., 1999; Lloyd et al., 1999), although in those cases the antisense method was 
used to reduce enzyme activity.  Reduced SSII and SSIII in antisense potato have synergistic 
effects on starch synthesis as we described in this study. However, the synergism is different 
from that of SSII and SSIII elimination in Arabidopsis leaves. As we seen from this study, 
nondiscernable SSII activity in Arabidopsis could cause significant effects on starch 
structure. Therefore, even very little remaining activity of SSs in the antisense plants could 
cause unexpected effects.  In the dissertation study, both SSII and SSIII were completely 
eliminated, and so the synthesized starch can only result from the function of the other 
remaining isoforms, i.e., SSI, GBSS, and SSIV in Arabidopsis.  The main finding from this 
study is that SSII and SSIII have overlapping functions in forming the intermediate length 
chains of DP12-28 in amylopectin. 
Based on these dissertation studies, together with a recently published description of 
SSI mutation in Arabidopsis leaves (Delvalle et al., 2005), a model regarding the relative 
function of different SSs in determining the amylopectin structure was proposed.  The model 
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is described in detail in Chapter 4, with the key features as follows.  First, soluble SSs (at 
least SSI, SSII, and SSIII) compete with each other for binding to a potential substrate linear 
chain.  Second, this proposed competition implies a distributive enzyme mechanism, i.e., the 
enzyme fully dissociates from the growing chain each time one glucose unit is added.  Third, 
each SS has a certain probability (P) of adding one glucose unit to a chain of a given DP, and 
this probability varies with chain length.  Fourth, the probability function varies for each 
different SS isoform.  These features of the different SS isoforms, together with their relative 
abundance in any plastid, are proposed to determine the normal chain length distribution of 
Ap 
Future directions 
This study has characterized the function of SSII, SSIII, and the combination of SSII 
and SSIII in Arabidopsis. The data in this study has lead to the conclusion that SSII and SSIII 
have overlapping functions in amylopectin synthesis. A model regarding the relative function 
of each enzyme including SSI, SSII, and SSIII  has been proposed based on a series of 
hypothesis, such as  competitive binding between different SS, addition of a glucose to a 
potential substrate depending on the chain length (DP), competition between addition and 
crystallization, and distributive binding mechanism, and so on.  
The precise function of SSI, SSII, and SSIII remains to be determined. A Reverse 
genetic approach has been conducted to study the function of SSI, SSII, and SSIII single 
mutant in Arabidopsis, as well as the double combination of SSII, SSIII.  SSII and SSIII have 
been shown to have overlapping functions in this dissertation.  But the functional relationship 
between SSI and SSII, and SSI and SSIII remains to be determined. Generation and 
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characterization of SSI:SSII, and SSI:SSIII double mutants, even the triple SSI/SSII/SSIII 
mutant will further demonstrate the functional relationships between these SS isoforms and 
test the model proposed in this dissertation.  
Biochemical studies should be conducted to test the hypothesis of a distributive 
mechanism that SSs use to bind and add the glucose residues during starch synthesis. Both 
soluble and granule bound SSII in pea embryo have been demonstrated to add glucose by a 
distributive mechanism (Denyer et al., 1999a and 1999b).  Purified recombinant protein of 
different SS isoforms can be used to determine whether or not the distributive mechanism is 
applied to all SSs.  With the availability of excessive substrates, i.e., excessive ADPG and 
primer glucan, if the hypothesis of distributive mechanism is true, the glucan chain should be 
elongated by only one glucose unit in the presence of SS enzyme.   If some chains are 
elongated by several or more glucose units, the processive model could be true. 
Similarly, biochemical analysis can be used to study the kinetics of each SS in vitro.  
Through this analysis, Km and Vmax can be determined for each recombinant SS enzyme.  By 
using substrates with different chain length distribution, it can be examined whether there is 
variation of Km and Vmax with DP for each SS and whether the variation is different for 
different SS, i.e., probability of addition of glucose as a function of DP varies for different SS 
isoforms. 
Further, in this model it was proposed that there is competition between different SSs in 
binding and adding glucose units. Therefore, it remains to be tested if these enzymes are 
present in the same plastid. This can be achieved by using promoter and distinct fluorescence 
tag fusion, such as GFP and YFP.  To further describe the nature of SSs in Arabidopsis 
leaves, biochemical purification of the native complex will help to identify subunit 
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composition during starch synthesis.  Yeast two-hybrid and affinity chromatography will 
help to determine whether these enzymes have physical interactions during function.   
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APPENDIX 
MOLECULAR CHARACTERIZATION OF MAIZE STARCH SYNTHASE III 
Nucleotide sequence of the Du1 genomic locus 
A nearly full-length cDNA of starch synthase III (Du1) from wild type inbred W64A 
has been cloned (Gao et al., 1998).  However, the genomic sequence with the intron/exon 
location had not been defined yet.   To amplify the full length genomic DNA, primer pairs 
covering the full length cDNA were designed according to SSIII cDNA sequence. PCR 
amplification was performed on genomic DNA isolated from wild type W64A leaves 
harvested 10 days after emergence according to the procedure of Dellaporta et al. 
(Dellaporta, 1994).   Overlapping segments of DNA from the dul1 locus were amplified 
using the primer pairs listed in Table A.1.  Full length genomic DNA sequence was 
determined by aligning the overlapping fractions with program GCG.  Assembly of the 
fragments provided a contiguous genomic sequence of 11622 bp.  Comparison of the 
genomic sequence to that of the cDNA (Gao et al., 1998) revealed that Du1 comprises 17 
exons and 16 introns (Figure A.1.A). 
Identification of du1- mutations  
To characterize the metabolic function of starch synthase III coded for by dul, reverse 
genetics was used to identify knockout mutations in dul1 gene.  Six independent du1-alleles 
generated by transposon insertion, designated dul-M1 to dul-M6, are available for analyses. 
They are all in the W64A inbred genetic background (obtained from James, M.G.).  PCR 
amplification using du1 gene specific primers together with a degenerate primer from the 
inverted terminal repeat of the Mu transposons distinguished the wild type and mutant alleles.  
PCR amplification determined the locations of Mu element insertion for dul-M1 to dul-M6, 
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except for dul-M5. The location of the Mu insertion is in exon 16 for dul-M1, exon 12 for 
dul-M2 and dul-M4, exon 1 for dul-M1 and intron 15 for dul-M6 (Figure A.1).  Since PCR 
amplification didn’t reveal the location of Mu element for dul-M5 in the genomic sequence, 
the possibility is that the insertion could be in the promoter region, which needs to be further 
verified with southern blot or some other detection method.  Several other du1 mutant alleles: 
du1-ref, du1-8801, du1-8802, and du1-8803, containing either point mutations or deletions 
were identified by Ms. Mingxu Zhang, a former graduate student in this lab. 
A detailed characterization of these mutant alleles in terms of protein accumulation, 
enzyme activity analysis, starch content and starch structure were conducted by Mingxu 
Zhang.  
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Figure A.1   Molecular characterization of du1- gene and mutants. 
A. Structure of the Du1 genomic locus. The Du1 gene comprises 17 exons and 16 introns, 
depicted as black boxes and black lines in between respectively. The locations of the 
transcription  initiation codon and stop codon, as well as the primer sequences used for 
gene amplication are noted.  
B. Molecular structure of du1 mutations. The positions of the Mu element insertions in the 
mutant alleles from du1-M1 to du1-M6 are shown as black triangles.  The exception is 
du1-M5, the insertion of the Mu element in which was noted as dotted lines since its 
precise location was not identified yet.  The positions of point mutations or deletion in 
du1-8801, du1-8802, du1-8803, and du1-ref are indicated (identified by Mingxu 
Zhang). 
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Table A.1. Du1 gene primer sequences list 
 
Primer name Sequence (5’ to 3’) Tm (ºC) Location in 
du1 cDNA 
comments 
U1 ATT CCC TAG TTC AGA 
GAA AGA AAG 
64.9 3-26  
L1 TTC TTC GTC AAC AAT 
GCT TAA AAC 
68.0 1052-1029  
U2 TAA CGG AAA ACG TAG 
AAG TTT G 
64.7 959-980  
L2 GTC TTT TGA GAT GTC 
TCC TTA G 
61.0 2026-2005  
U3 CTC ATG ATG GAT TGC 
TTA TGA AG 
66.1 1972-1994  
L3 GGC TCA ATG TAC CAT 
AAA TTA TC 
63.0 2998-2976  
U4 ATT GTG CAA TGT ATT 
GGG TTT AG 
63.3 2939-2951  
L4 TCT GAT GGA TGT GTA 
GAT TCT TG 
64.4 3972-3950  
U5 AAG ATT TAG GAC ACA 
ATG TGG AG 
75.7 3886-3908  
L5 TTA CAA TTT GGA CGC 
TGA  AC 
64.8 5144-5125  
Du1-F5 GTG GAC AAT GAC AAG 
GAA CG 
62.0 4911-4930  
L6 GCA TTG ATG TAA GTT 
CAT ACA AAG 
64.0 6011-5988  
U51 AGG TCA TGG TGC CAT 
AGT TC 
65.9 4361-4380  
L51 ATA AAG TTG TCA TTG 
TAC GGA TC 
63.3 4456-4434  
U52 GAC CAT TGA GTT ATA 
TGG AAT GA 
64.1  In intron 
L52 GTA GTC AAC ACC GTT 
GCT ATC AG 
67.2 4978-5000  
U53 GAA TGA TTG AGG CAA 
ACA TAA C 
64.7  In intron 
L53 ATT CCA TTG AGA ATG 
CCA TAG 
65.1  In intron 
U54 GGA TAT GTA TAT GGC 
AGG GAC 
64.3 4071-4091  
L54 GGA GAA ACT CTA GAG 
CAG AAC 
61.0 4140-4120  
 
 
 
